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ABSTRACT
FUNCTIONAL CONSEQUENCES OF ACUTE TEMPERATURE STRESS IN THE
WESTERN FENCE LIZARD, SCELOPORUS OCCIDENTALIS
FEBRUARY 2010
DAVID MICHAEL MCMILLAN, B.S., SANTA CLARA UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Duncan J. Irschick

Understanding the effects of natural variation in environmental temperature on
organisms and how those organisms evolve to live in different thermal environments is a
central tenet of evolutionary physiology. Phenotypic differences among populations are
the result of local adaptation, innate genetic differences between populations, and
phenotypic plasticity, differential responses to the environment. Although not mutually
exclusive, distinguishing between these paradigms can help illuminate species boundaries
resulting from thermal limitations in physiology. For my dissertation, I examined
geographic variation in measures of thermal physiology of the western fence lizard,
Sceloporus occidentalis to understand the relative role of adaptation and acclimation in
determining the thermal biology of populations of this species living in different thermal
environments.
To achieve this goal I measured three indices of physiological function; body
temperature, thermal tolerance and heat shock protein (Hsp70) abundance, across
geographic and seasonal variation in temperature. Furthermore, I examined variation in
sprint speed performance before and after heat stress and its relationship to Hsp70 to
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determine if stress protein expression is a reliable indicator of whole organism
physiological stress.
I found that geographic location can have a major effect on thermal physiology
and performance in S. occidentalis in that thermal tolerance, Hsp70, and sprint speed
varied with site and season with warmer southern sites typically more heat adapted than
cooler northern sites. I also found a trade off in thermal tolerance suggesting that
specialization to temperature was occurring in these lizards. Finally, lizards with
increased Hsp70 were typically slower after heat stress indicating that Hsp70 is a reliable
indicator of organism stress. Despite these findings, there was no difference in body
temperature among sites and seasonal patterns in thermal tolerance suggest that during
certain times of the year plastic responses to temperature may mask adaptive differences.
Here, I argue that temperature differences between sites has resulted in
temperature adaptation at these sites, but that plastic responses to seasonal variation in
temperature can become more important during certain times of the year. Although these
relationships have been thoroughly studied in invertebrate organisms, further research
should examine whether these patterns exist in other vertebrate ectotherm species.
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CHAPTER I

GEOGRAPHIC VARIATION IN ENVIRONMENTAL TEMPERATURE AND ITS
EFFECTS ON BODY TEMPERATURE IN THE WESTERN FENCE LIZARD,
SCELOPORUS OCCIDENTALIS

Abstract
One of the ongoing goals of evolutionary biology is to understand geographic
variation in organism phenotypes along environmental gradients. Phenotypic differences
among populations can reflect local adaptation, which results from genetic differentiation
among populations, phenotypic plasticity, which results from phenotypic variation in a
genotype along an environmental gradient, or, a combination of both local adaptation and
phenotypic plasticity. Environmental temperature is one factor which is known to be
highly variable across geographic space and has been shown to affect nearly all aspects of
organism development and function in ectotherms, such as growth, feeding, respiration,
locomotion, and reproduction. As a result, species with wide geographic distributions
that encompass different thermal habitats may experience differing pressures from natural
selection and may become locally adapted to their environment so that organismal
function is locally maximized. Understanding whether individual populations are locally
adapted can help us to better understand the thermal limits of individual species and how
those species may respond in changing thermal environments. For this chapter of my
dissertation I examined geographic variation in body temperature of the western fence
lizard, Sceloporus occidentalis, which is distributed throughout the western United States
across a wide range of thermal habitats. My goal was to explore whether or not
temperature adaptation has occurred in this species. To do this, I measured field body
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temperatures of S. occidentalis caught in the field as well as preferred body temperatures
in the laboratory. In addition, I also placed thermal loggers at each of the collection sites
to empirically test whether or not environmental temperature varied among sites. I found
that air temperature was variable within each site both diurnally and seasonally and that
there was significant differences in temperature across sites so that mean temperature
decreased with increasing altitude and latitude. However, despite these differences in
environmental temperature among these sites, there was little difference in lizard body
temperatures from the field or the lab which provided little evidence to support my
hypothesis that local adaptation has occurred in this species.

Introduction
Organisms living in nature face physiological challenges due to constantly
changing environments. The ability of an individual organism or a species to respond to
these challenges can be a critical determinant of fitness. For widely distributed species,
geographic variation in abiotic factors can lead to populations of organisms that are
specifically suited to their local environment, either through behavioral modifications or
genetic adaptations. However, these effects are not limited to differences between
populations because individual populations can also experience diurnal or seasonal
variation in environmental conditions can that can create physiological challenging
conditions that may impact fitness. Understanding the way organisms respond to
environmental temperature variation can help us determine how species have come to
occupy their current distributions and allow us to better predict future distributions in the
face of a changing climate.
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Temperature has been shown to affect virtually all aspects of organism function,
especially in ectotherms (Clarke 2003). Previous studies on the effects of temperature in
natural populations have found that variation in body temperature affects many organism
processes, including respiration rates (Nielsen 1961, Seymour and Bradford 1995,
Dahlhoff et al. 2001), growth and development rates (Conover and Present 1990, Adolph
and Porter 1996, Buckley et al. 2007), food assimilation rates (Ji et al. 1996), offspring
sex (Janzen and Paukstis 1991), as well as frequency and intensity of social displays
(Brooke et al. 2000, D. McMillan, personal observation). In addition, temperature has
been shown to have a profound effect on components of fitness such as survival (Portner
2001a, McMillan et al. 2005, Huang et al. 2006), fecundity (Watt 1992, Dahlhoff et al.
2008), predator escape (Hertz et al. 1982, Bergmann and Irschick 2006), and locomotion
(Bennett 1980, Angilletta et al. 2002a, Lailvaux and Irschick 2007, Rank et al. 2007).
Finally, environmental temperature has been shown to closely correlate with body
temperature in ectotherms,(Dahlhoff and Rank 2000), and examining populations of the
same species over a thermal gradient can give us a picture of thermal evolution at work.
The distribution of a species is often defined by geographic variation in
temperature across latitudes and altitudes (Pagel et al. 1991, Clarke 1996, Parmesan et al.
1999, Pounds et al. 1999, Austin 2002). Populations living near the latitudinal or
altitudinal edge of a distribution may be more likely to experience physiological stress
due to a greater frequency of extreme temperatures relative to centrally distributed
populations. However, the effects of extreme temperatures are not limited to edge
populations. Centrally located populations can also experience thermal stress due to
diurnal or seasonal variation in environmental temperatures (Kingsolver and Watt 1983).
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When faced with these stressful temperatures, a population of organisms can
respond in one of three ways. The first way is to limit exposure to stressful temperatures
through behavioral modification of microhabitat use (Adolph 1990, Asbury and Adolph
2007) or by migration to a new habitat (Parmesan et al. 1999, Davis and Shaw 2001).
The second option is for populations to become physiologically adapted to environmental
temperatures in a way that minimize the effects of extreme temperatures (Somero 1978,
Ayres and Scriber 1994, Dahlhoff and Rank 2000, Hochachka and Somero 2002). These
approaches are not mutually exclusive and natural populations may actually implement
both strategies to various degrees. However, for any population that is unable to
effectively minimize stress from the thermal environment face a third option, the
possibility of extinction (Hochachka and Somero 2002, Sorensen et al. 2003).
One way in which temperature has been shown to affect organisms in natural
environments is through its effects on cellular physiology. These effects include changes
in the viscosity of cellular and organelle membranes, which become leaky at high
temperatures and rigid at low temperatures. These membrane changes can alter diffusion
rates across the membrane, effectively increasing the amount of cellular energy (ATP)
necessary to maintain homeostasis (Hazel 1995, Hochachka and Somero 2002).
Furthermore, extreme temperatures can also lead to a reduction in the binding efficiency
of many enzymes, which are only marginally stable at normal physiological temperatures
due to a balance of stabilizing and destabilizing interactions (Jaenicke 1991). These
increased ATP needs coupled with a decreased ability to store and utilize energy can
result in diminished performance at higher-level organism functions such as feeding,
reproduction, and locomotion (Dahlhoff and Rank 2000, Portner 2001b, Biewener 2003).
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Organisms or populations living in environments which are frequently stressful may thus
accumulate substitutions in amino acid sequences and changes in membrane permeability
which help to maintain overall thermal physiology (Dahlhoff and Somero 1993, Fields
and Houseman 2004, Elderkin and Klerks 2005, Dong and Somero 2009). Populations of
species that are distributed over large, thermally variable, geographic areas may
experience differing frequencies of stressful temperatures and as a result, differing
selection pressures. Over evolutionary time, populations can become genetically distinct
as they become adapted to local environmental temperatures (Duman et al. 1991,
Hochachka and Somero 2002, Dahlhoff et al. 2008).
Recently, growing concerns over the effects of climate change have renewed
interest in understanding the effects of temperature variation in natural populations.
Historically, in addition to physiological adaptations, populations have responded to
climatic changes by poleward shifts in distribution (Parmesan et al. 1999, Davis and
Shaw 2001, Pearson and Dawson 2003, Parmesan 2006). However, current
anthropogenic barriers can prevent population migration and can restrict range shifts as
an option for populations living in extreme environments (Parmesan 2006). Current
models of climate change predict that rates of the global increase in temperature will be
greater in the near future (Intergovernmental 2007), which may further limit the ability of
species to migrate and accelerate the rate of species loss (Midgley et al. 2001, Hooper et
al. 2005, Thuiller et al. 2005). In addition, at smaller scales, such as high latitudes or
altitudes, this problem may be exacerbated and there is the potential for greater changes
in environmental temperature (Walther et al. 2002). Given these predictions, it is
especially important to understand the limits of populations’ ability to respond to extreme
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environmental temperatures. Knowing these limits will help to identify those populations
that are more likely to be sensitive to rapid fluctuations in temperature and allow us to
take appropriate actions to mitigate the effects of these changes (Dahlhoff and Rank
2000, Hochachka and Somero 2002, Helmuth et al. 2005, Parmesan 2006, Chown and
Terblanche 2007, Chown et al. 2009).
The study of thermal adaptation in natural populations is especially useful in
ectotherms because most species must utilize environmental temperatures to maintain
body temperature and, as a result, virtually all aspects of physiology, behavior, and
performance (Huey and Slatkin 1976, Angilletta et al. 2002b). Due to the critical nature
of body temperature for an ectotherm and the physiological effects of temperature in
determining organism performance, it is reasonable to expect that over evolutionary time
variation in preferred body temperature will mimic thermal heterogeneity of the
environment such that organisms living in warmer habitats will have higher body
temperatures relative to individuals from cooler environments, but that performance
capacities should be maintained across populations at environmentally appropriate
temperatures (Dahlhoff and Somero 1993). However, support for this hypothesis has
been mixed; suggesting that variation in body temperature is due to environmental or
behavioral changes as well as adaptive differences between populations (Hertz et al.
1982, Hertz et al. 1993, Angilletta et al. 2002b, Youssef et al. 2008).
The western fence lizard, Sceloporus occidentalis, is ideal for studies of the
effects of temperature variation because this species is widely distributed throughout
western North America, from Washington State to northern Mexico. This species
occupies many different habitats, from semi-dry scrub to riparian areas to forested areas,
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at elevations from sea level to approximately 2500 m (Behler 2000, Stebbins 2003).
Adults average 60-90 mm in snout-vent length (SVL) and are semi-arboreal habitat
generalists, utilizing several substrates as perches, from boulders to trees (Adolph 1990,
Asbury and Adolph 2007). Previous studies in this species have shown links between
body temperature and organismal traits such as development rate, morphology, growth
rate, microhabitat use, and sprint speed (Adolph 1987, Sinervo and Adolph 1989, Adolph
1990, Asbury and Adolph 2007, Buckley et al. 2007).
With this study, I extend upon previous work by examining whether geographic
variation in environmental temperature has resulted in population-level differences in
body temperature in S. occidentalis. Specifically, I wish to address the following
questions. First, do measures of environmental temperature, such as mean, maximum,
and minimum temperature vary with altitude and latitude across collection sites of S.
occidentalis? This first step is necessary to show that it is in fact temperature adaptation
that is occurring in this species. Second, if environmental temperatures do vary, do body
temperatures of S. occidentalis vary in a manner that is consistent with environmental
temperature? A better understanding of the effects of geographic variation in
environmental temperature within this species can help us to better predict the effects
future climate change will have in this and other species.

Methods
Site descriptions and temperature profiles:
To examine the effects of geographic variation in temperature on S. occidentalis, I
measured body temperatures of lizards caught in the field as well as preferred body
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temperature in the lab. Individuals were collected at 4 locations in California: 1) Bishop
Creek (BC), 7.9 km southwest of Bishop, Inyo County (37°17’34”N, 118°33’05”W,
Elev. 2135 m); 2) Keough Hot Springs (KH), 12.5 km south of Bishop, Inyo County
(37°15’4”N, 118°22’20”W, Elev. 1220 m); 3) Table Mountain (TM), 3.5 km northwest
of Wrightwood, San Bernardino County (34°22’43”N, 117°39’33”W, Elev. 2230 m); and
4) Joshua Tree (JT), 11.2 km west of Pinion Hills, Los Angeles County (34°26’30”N,
117°45’42”W, Elev. 1370 m). At these sites, lizards are typically active from mid- April
until September or October (Adolph 1990, Asbury and Adolph 2007). These four sites
occur at paired latitudes and altitudes, with both a low and high elevation represented at
each latitude (Figure 1) and were chosen because of predicted differences in
environmental temperature at each site (Jacobson 2005).
To test for differences in thermal profiles at each site I placed a HOBO pendant
logger (Onset Computer Corp, Pocasset, MA) at each site from August 2005 until
September 2008. The placement of each logger was standardized across sites to be best
measure the variation in air temperatures between the study sites. All loggers were
housed in 350 ml inverted white plastic cups punched with 1-mm diameter holes to
minimize heating due to direct radiation. Cups were suspended in a tree at each site
approximate 75 cm above the ground in a location that was selected to be approximately
equal in exposure to direct sunlight across all sites. The loggers measured ambient air
temperature every 20 minutes to an accuracy of ± 0.1°C. Air temperatures at the TM
logger were not recorded after June 2007 due to a brush fire that destroyed the logger. As
a result, a second logger was placed at the Table Mountain site (as well as each of the
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other sites) to measure air temperature during the summer of 2008. All loggers were
removed from the field during September 2008 and downloaded for analysis.

Animal care and field body temperature measurements:
Adult male and female individuals of S. occidentalis (N=227) were collected by
noose during late May and early June in 2007 and 2008 and again in September 2008 at
all four locations (46 to 68 lizards per site). All individuals were collected between 0800
and 1400 hours. Upon capture, field body temperature (Tb) was measured using a cloacal
thermometer (Miller and Webber, Inc.) within 5 seconds of capture, and mass was
measured using a spring scale (Pesola, Baar, CH). Of the total number of lizards
collected during May and June 2008, a random sample (N = 85) were returned to the lab
within 8 hours of capture for measurement of preferred body temperatures. In the lab,
lizards were housed individually in custom-made 25 L enclosures with sand substrate and
a rock perch. Heat lamps (125 W) were suspended above one end of each cage to allow
for thermoregulation and attached to a digital timer to create a diurnal cycle (12 hours
light: 12 hours dark). Water was provided ad libitum using a small dish in the cage and a
garden sprayer. Crickets dusted with vitamin powder were provided as food every other
day.

Preferred body temperature measurements:
Preferred body temperature was measured using custom-made wood enclosures
within 5 days of capture. Enclosures measured 40.5 cm x 40.5 cm x 122 cm and
contained 2 cm of sand as a substrate. A single 250 W infrared bulb was suspended
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16cm above the substrate at one end of the enclosure to allow lizards to thermo regulate.
These enclosures generated a thermal gradient from 25° C - 50° C and have been used in
previous studies on this species (Buckley et al. 2007). Lizards were placed in the
enclosure and not disturbed for two hours to allow time for a preferred body temperature
to be reached. At the end of two hours, body temperature was measured using a cloacal
thermometer.

Statistical Analysis:
All statistical tests were conducted using JMP statistical software (version 8.0,
SAS Institute, Cary, NC). Mean ambient temperatures for each 4 hour interval were
calculated for all temperature data (6 per day) and used for subsequent analysis. To test
for overall site differences in air temperature across multiple months and years I
performed an ANOVA to test the effects of site, year, month, day, and time interval on
environmental air temperature. Interactive effects could not be tested because there was
insufficient replication in months and years as a result of the lost Table Mountain logger.
In addition to testing for overall site differences in ambient temperature, I also
tested for differences among sites in mean, maximum, and minimum daily temperature
within a single summer (June 2008 to September 2008, the only summer for which air
temperature measurements at all sites were complete) using the secondary loggers placed
at each site after the fire at Table mountain. I used ANOVA to test for the effects of
month and site on differences in daily mean, maximum, and minimum temperatures at
each site. Finally, to test for site effects on body temperature for lizards in the field and
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preferred body temperatures in the lab I used ANOVA with site as a fixed factor and
either field or preferred body temperature as the response variable.

Results
Temperature variation across sites:
Air temperature was highly variable across sites and seasons (Figure 2A).
However, despite seasonal variation, mean temperatures were consistently higher at both
Joshua Tree and Keough Hot Springs than at either Table Mountain or Bishop Creek
(Figure 2B, table 1). Mean temperature at Joshua Tree was highest overall, followed by
Keough Hot Springs and then Table Mountain. Finally, Bishop Creek was the coolest
site during most months and had the lowest mean temperature of all sites (Figure 2, table
1).
A similar pattern was observed for differences in daily site temperature within a
single season (summer 2008). Maximum daily temperature was higher at both of the low
elevation sites, Joshua Tree and Keough Hot Springs, than it was at either of the high
elevation sites (Figure 3A, Table 2). Mean daily temperature exhibited a similar pattern
Figure 3B, Table 2). However, minimum daily temperature exhibited a different pattern:
Minimum daily temperatures were colder at the high elevation sites but the magnitude of
the difference between high and low elevation sites was smaller for minimum
temperature relative to either maximum or mean daily temperature (Figure 3C, and Table
2).
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Geographic variation in body temperature:
Despite the range of environmental temperatures present at each of the four sites,
lizard body temperatures did not correlate with measurements of environmental air
temperature measure at time of capture for most of the sites (Figure 4). The only
exception was Bishop Creek, where lizard body temperatures were positively correlated
with ambient temperatures (TB = 0.1182*TA + 31.37, p <0.0002, R2= 0.14). The lack of a
relationship between body temperature and ambient air temperature at these sites (or
slight, albeit significant relationship at Bishop Creek) is due to the ability of S.
occidentalis to maintain body temperature from 30 - 40°C over corresponding air
temperatures from 9 - 43°C. Furthermore, there were no observed differences among
sites in field body temperatures for Bishop Creek, Table Mountain or Joshua Tree. Yet,
lizards collected at Keough Hot Springs had a lower body temperatures relative to the
other three sites (F3,223 = 19.88, p<0.0001, Figure 5A). However, there were no observed
differences in preferred body temperatures among the three sites (F3,81 = 0.26, p = 0.851,
Figure 5B).

Discussion
In this study, I found differences in environmental temperature across sites but not
a corresponding difference in preferred body temperature of S. occidentalis. There was a
difference in body temperatures of field-caught lizards, but that was due to lower body
temperatures at one site (Keough Hot Springs). During the course of the study, mean
monthly temperatures were highest at Joshua Tree, the southern desert site, and lowest at
Bishop Creek, the northern mountain site. This difference in temperature between the
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sites persisted despite seasonal fluctuations in temperature. Monthly mean, maximum,
and minimum temperatures during the summer months of 2008 showed a similar pattern
in that Joshua Tree was the warmest and Bishop Creek was the coolest. However, these
differences in environmental temperatures did not translate into differences in lizard body
temperature, either in the field or preferred temperatures in the lab.

Geographic variation in air temperature:
Environmental temperature showed significant variation across the four sites
chosen for this study. This supports the hypothesis that these populations of S.
occidentalis across different altitudes and latitudes experience different thermal
environments making them ideal to study the potential for temperature adaptation. Also,
differences in temperature between the sites matched predictions for geographic variation
in temperature, decreasing with latitude and altitude. The environmental lapse rate is one
predictive model that accounts for altitudinal changes in temperature across different
latitudes (Jacobson 2005). According to this model, differences in environmental
temperature between low altitude and high altitude locations is expected to decrease with
latitude with a global average of 6.49°C*1000 m-1 in elevation change (Glickman 2000,
Jacobson 2005). The findings for this study were consistent with the model in that
temperature at both the northern and southern population decreased with altitude at a rate
of 6.6°C*1000 m-1 and 4.3°C*1000 m-1 respectively.
There is a long history of research into the effects of temperature on organismal
processes in a wide range of organisms (Beuchat 1988, Burger 1991, Ackerman 1994,
Loeschcke et al. 1994, Smith and Ballinger 1994, Pounds et al. 1999, Addo-Bediako et al.
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2000, Andrews et al. 2000, Hansen and Petersen 2001, Hare et al. 2004, Huang et al.
2006, Lailvaux 2007). In addition, temperature has been shown to be highly variable in
nature, especially over small areas in structurally complex environments (Pagel et al.
1991, France 1992, Helmuth et al. 2006). However, many studies that examine
geographic variation in temperature adaptation often assume temperature variation
between sites and fail to empirically measure whether or not a difference actually exists
(Gaston and Chown 1999, Addo-Bediako et al. 2000). The data presented here show that
temperature varies across these sites, making them ideal to examine the potential effects
of temperature adaptation.
Initial predictions about temperature variation across the sites were that
temperature would decrease with increasing altitude and latitude within this part of the
state of California. Due to the inclusion of only four sites in this study, it was not
possible to directly test the effects of latitude and altitude on temperature. However, the
thermal profiles for the fours site included in this study support this idea because
temperature decreased from the southern to northern sites and from the low altitude to
high altitude sites. Furthermore, across these sites, altitude was a greater determinant of
environmental temperature, with the desert sites being warmer than the either of the
mountain sites. It is important to note that there is a possibility that these differences in
environmental temperature between sites are the result of a statistical artifact that is a
byproduct of studying large sample sizes (Sokal and Rohlf 1997, Zar 2009). However,
this is not likely to be the only explanation because the pattern observed here, decreasing
temperature with increasing latitude and altitude, is consistent with previous research
which has found similar results (Stouffer et al. 1994, Hughes 2000, Smith and Reynolds
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2003) . Using this information of geographic differences in temperature at these sites can
help us understand whether adaptation is occurring in Sceloporus occidentalis.

Geographic variation in body temperature:
The role of body temperature in maintaining organismal function in many
ectotherms necessitates that these species are able to regulate their body temperature in
highly variable environments. Previous work in S. occidentalis has shown that these
lizards are able to precisely regulate its body temperature within a structurally complex
habitat across a range of environmental temperatures (Adolph 1990, Asbury and Adolph
2007). The present study builds upon previous research by extending these findings to
multiple environments. At three out of the four sites there was no relationship between
lizard body temperature and ambient air temperature at the time of capture. The
exception was Bishop Creek, where there was a positive relationship between body
temperature and air temperature. Previous studies in other lizards have found that
ectotherms at higher altitudes and latitudes have shorter activity periods due to limited
availability or duration of adequate thermal environments (Wilson 1991, Morrison and
Hero 2003, Sears 2005). The cooler temperatures at Bishop Creek coupled with the
potential for shorter activity times may mean that fewer lizards are able to achieve
preferred body temperature during thermoregulation, or are able to reach these
temperatures less frequently. Further studies should incorporate measurements of
thermoregulatory behavior to determine whether high-latitude and high-altitude
individuals spend a greater proportion of their time thermo regulating relative to other
sites, which would further support this hypothesis.
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I also found no difference among the sites in preferred body temperatures of S.
occidentalis. Previous studies in other lizards have found that aspects of thermal
physiology, such as preferred body temperature, optimal body temperature, and critical
thermal limits, are important for organismal performance. These measures are often
conserved across populations of the same species and between closely related species,
even across continental boundaries in similar environmental conditions (Angilletta et al.
2002b, Youssef et al. 2008). However, although there is no difference among sites in
preferred body temperature for S. occidentalis, other research on this species has shown
that critical thermal limits for S. occidentalis vary with both altitude and latitude with
changes in environmental temperature (Chapter 2). The observed decoupling between
critical thermal limits and preferred body temperature may be due to the frequency at
which individual populations are exposed to extreme temperatures. Preferred body
temperature has been shown to be maintained across thermally heterogeneous
environments, whereas critical thermal limits can vary between similar populations that
vary in the frequency of exposure to extreme temperature (McGinnis 1966, Greer 1980).
This means that for a population that migrates to a new habitat, brief periods of extreme
temperature can alter critical thermal limits while preferred body temperatures remain
unchanged. However, the adaptive relationship between preferred body temperature and
critical thermal limits has not been tested within a single species and requires further
investigation.
Although preferred body temperature of lizards from the different sites did not
vary, field body temperatures of lizards caught at Keough Hot Springs were lower than
body temperatures of lizards from the other sites. Body temperatures of individuals from
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natural populations have been shown to vary diurnally with environmental temperature in
several species of ectotherms (Mellette et al. 1951, Dahlhoff and Rank 2000, Sabo 2003,
Sinclair et al. 2006). It could be argued that site differences in body temperature
observed for S. occidentalis are the result of diurnal variation in temperature. Yet,
collection times did not significantly vary between the sites. In addition, lizard body
temperature at Keough Hot Springs was not correlated with ambient air temperature.
Furthermore, body temperatures of field-caught lizards were highly variable and the
observed differences in field body temperatures between the sites may be a result of two
individual lizards from Keough Hot Springs that had lower body temperatures than any
other individuals caught for this study (Figure 5). There was no a priori reason to
exclude these individuals, which appear as statistical outliers, so they were included in
the analysis. Additional sampling at all sites may help to illustrate whether body
temperatures among the sites persist or whether or not the observed results are a
consequence of these two individuals.
One interesting result of this study was that lizards were able to maintain
relatively consistent body temperature over such a wide range of environmental
temperatures. Lizards from the low elevation sites (KHS and JT) were effectively able
maintain a relatively constant body temperatures between 32°C and 35°C at both warmer
and cooler ambient temperatures. This is not surprising, and has been reported in
previous studies (Asbury and Adolph 2007). However, at the high-elevation sites,
although no lizards collected had body temperatures above 25°C, some individuals were
able to maintain high body temperatures even when environmental temperatures were as
low as 9°C. Given that lizards collected at Bishop Creek had on average cooler body
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temperatures than lizards collected at other sites, and that Bishop Creek is the only site
that showed a significant relationship between body temperature and environmental air
temperature, it is possible to infer that the thermal boundary for S. occidentalis to
maintain a consistent body temperature is between 9 - 15°C. Further work is necessary to
verify this hypothesis, which may be useful to predict current or future range limits for S.
occidentalis.
I tested the ambient air temperature as well as preferred and actual body
temperatures in S. occidentalis and found that although ambient temperature varied
among the sites, variation in lizard body temperature was not consistent with the variation
in environmental temperature. This finding suggests that if temperature adaptation has
occurred in this species, it has not resulted in behavioral changes in thermoregulatory
behavior in S. occidentalis lizards.
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Tables
Table 1: ANOVA results for variation in environmental temperature at four sites in the
western United States. Sites included Bishop Creek, Keough Hot Springs, Table
Mountain and Joshua Tree. Only main effects were included due to insufficient
replication at Table Mountain during 2007 and 2008.
Source

df

SS

F

Site

3

189180.8

2598.5****

Year

3

5410.7

74.32****

Month

11

1452071.7

5439.48****

Time Interval

5

526525.4

4339.33****

Day of month

30

6989.5

9.6****

Error

24230

595008.5

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Table 2: Summary of F-statistics for 2-way ANOVAs conducted on mean, minimum,
and maximum daily temperatures measured at four study sites from June 2008 until
September 2008. Min = minimum daily temperature, Mean = mean daily temperature,
Max = maximum daily temperature.

Source

df

Min

Mean

Max

Site

3

50.2****

174.9****

146.0****

Month

3

46.7****

55.3****

16.9****

S xM

9

6.1****

4.9****

4****

Error

401

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Table 3: Summary of F-statistics for ANOVAs conducted on field body temperature and
preferred body temperature in S. occidentalis at four study sites.
Field Body Temperature
Source
df

SS

F

P

Site

3

194.80

19.88

<0.0001

Error

223

728.40

F
0.26

P

Preferred Body Temperature
Source
df
Site
3
Error
81

SS
3.26
333.70
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0.851

Figures

Figure 1. Map of California showing locations of study sites in Eastern Sierra and San
Gabriel mountain ranges. At each latitude, one site is at a high elevation (Bishop Creek
and Table Mountain) and one site is at a low elevation (Keough Hot Springs and Joshua
Tree). Map reproduced courtesy of USGS.

22

Mean air temperature (C)

40

Bishop Creek
Keough Hot Springs
Table Mountain
Joshua Tree

A)

30

20

10

0

Table Mountain
fire

6/1/2005

2/1/2006 10/1/2006 6/1/2007

2/1/2008 10/1/2008

Mean temperature (per 4h interval)

Date
40
30

d

c

B)
a

b

20
10
0
-10

BC

KHS

TM

JT

Site
Figure 2. Variation in environmental temperature at S. occidentalis collection sites. A)
Site variation in monthly mean temperatures. Points represent monthly mean temperature
(°C) connected by a smoothing spline for each site from August 2005 until October 2008.
B) Box and whisker plots for mean interval temperature. Boxes represent the median,
lower and upper quantiles. Whiskers represent the 10th and 90th percentile. Letters
represent significant differences. See Table 1 for statistical analysis.
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Figure 3.Maximum, mean, and minimum daily temperatures during summer 2008 for
each site used for this study. Data points represent monthly values (±SE) in °C. See
Table 2 for statistical analysis.
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Figure 4. Relationship between ambient air temperature (TA) and body temperature (TB)
of lizards collected in the field during 2007 and 2008 at each of the four study sites.
Points represent individual lizards and solid lines are least square means fit lines. The
relationship between air temperature and lizard body temperature was not significant at
all sites except for Bishop Creek (BC, TB = 0.1182*TA + 31.37, p <0.0002). Dashed
lines represents the isoclines when TA = TB
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Figure 5. Site differences in A) field body temperatures and B) preferred body
temperatures for S. occidentalis at four sites in California. Numbers represent mean body
temperature for each site while boxes represent the median, lower and upper quantiles.
Whiskers represent the 10th and 90th percentile. Outliers are represented by individual
points and statistical differences are represented by letters. See table 3 for statistical
analysis.
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CHAPTER II
PATTERNS OF GEOGRAPHIC VARIATION IN THERMAL TOLERANCE IN THE
WESTERN FENCE LIZARD SCELOPORUS OCCIDENTALIS

Abstract
In recent years, ecologists have emphasized the need for studies that examine the
effects of global climate change on naturally occurring populations. While one
consequence of climate change is an increase in mean global temperature, another
consequence is an increase in daily, monthly, and seasonal temperature variation
resulting from an increase in the number of days in which there are uncharacteristically
hot or cold temperatures. As a result, it is necessary to understand the consequences of
these extreme temperatures in natural populations to be able to predict how these
populations will respond to climatic changes. One way of predicting the thermal limits of
a population is by measuring thermal tolerance, the ability of an organism to withstand
acute periods of extreme temperature. Common measures of thermal tolerance include
the critical thermal maximum (CTMax) and critical thermal minimum (CTMin). For this
chapter of my dissertation I used CTMax and CTMin to determine whether or not the
western fence lizard, Sceloporus occidentalis, differed in its ability to withstand extreme
temperatures among populations living in distinct thermal environments across seasonal
fluctuations in temperature. To do this, I collected S. occidentalis from four sites in
California over two years (2007 and 2008) at two different times during the year (May
and Sept). In the laboratory I measured the CTMax and CTMin of each individual. In
addition, I also measured abundance levels of Hsp70, a molecular chaperone, to
determine whether or not the presence of Hsp70 increased thermal tolerance in this
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species, as it has been shown to do in some invertebrate species. Finally, I compared my
results from one site with previous research conducted during 1983 at the same location
in an effort to determine whether or not changes in thermal tolerance during the past 25
years are the result of climatic changes in California during the same period. I found that
although site temperature seemed to be a significant predictor of thermal tolerance in this
species, there were substantial differences between seasons in thermal tolerance among
the sites, possibility resulting from genetic similarities between individual populations.
Furthermore, I found that there was no relationship between Hsp70 abundance and
increased thermal tolerance. Finally, there was no relationship between temperature
changes over the past 25 years and change in thermal tolerance during the same time.
These results suggest that although S. occidentalis is able to withstand a wide variety of
environmental temperatures, there are limits in the ability of individual populations to
tolerate elevated temperatures, especially populations living in cooler environments.

Introduction
Geographic variation in organismal traits can occur when natural populations of
organisms living along an environmental gradient experience differential selective
pressures (Endler 1977, Mitton 1997). Our understanding of the effects of geographic
variation on traits among individuals and between species has provided a foundation for
evolutionary theory and our understanding of natural selection (Gould and Johnston
1972). Variation in traits can occur at both the phenotypic and genotypic level and may
be differentially adaptive across populations. Furthermore, this variation among
populations and the resultant differences in selection pressure due to differences in the
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environment can represent the first step in the formation of new species (Garcia Ramos
and Kirkpatrick 1997, Herrel et al. 2001, Gavrilets 2003). By studying these differences,
we can better understand how future environmental changes will affect individual
populations or entire species, which may be especially important to help mediate current
anthropogenic changes to natural systems.
Environmental temperature is one factor that varies among natural environments and
has been shown to affect physiological function (Huey 1991, Feder et al. 2000,
Hochachka and Somero 2002). Temperature can vary with geographic location or season
and therefore can also create differential selective pressures within or across populations
(Johnston and Bennett 1996, Hochachka and Somero 2002). For either geographic or
seasonal temperature variation, the physiological effects of temperature can be especially
pronounced in ectotherms, which utilize thermal energy from the environment to
maintain body temperature and, as a result, physiological function. Individuals exposed
to extreme environmental temperatures and are unable to maintain target body
temperatures may be unable to perform organismal functions such as feeding,
locomotion, or mating. For this reason, the ability of an organism to maintain activity
across a variety of environmental temperatures can be a major component of fitness
(Huey and Stevenson 1979, Kristensen et al. 2007, Loeschcke and Hoffmann 2007,
Chown et al. 2009). As a result, biologists have long been interested in studying the
thermal limits of activity and how temperature affects organismal performance (Huey and
Stevenson 1979, Huey and Kingsolver 1993, Angilletta et al. 2002b, Hochachka and
Somero 2002).
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In addition, growing concern over the effects of climate change have renewed interest
in understanding thermal limits of organismal activity (Hochachka and Somero 2002,
Helmuth et al. 2005, Parmesan 2006, Chown and Terblanche 2007, Chown et al. 2009).
Greater understanding of the degree to which genetic (adaptive) and environmental
(plastic) processes determine the thermal limits of species, and how fast these processes
can respond to climatic changes can help us to better predict range shifts that may occur
as a result of global warming (Hoffmann and Blows 1993, Loeschcke et al. 1997,
Parmesan et al. 1999, Davis and Shaw 2001, Klok and Chown 2003).
One way to characterize an organism’s thermal limits is by using measures of thermal
tolerance, the high and low temperatures at which an animal reaches a predetermined
thermal limit. These limits can be determined in a variety of ways. Two of the most
common methods include determining the lethal temperature for 50% of a given
population (LT50) and the critical thermal temperature for a specific individual (CTT).
The LT50 is a more extreme measure of thermal tolerance while the CTT is the upper
(CTMax) and lower (CTMin) temperatures at which an organism is able to maintain
whole organism activities in a given environment. These measures are of interest
because of the their potential for determining species ranges because outside of this range
of temperatures, an individual loses the ability to respond to an environmental stimulus
(Stevens 1989, Chown and Gaston 1999, Jenkins and Hoffmann 1999, Addo-Bediako et
al. 2000, Klok and Chown 2003, Neargarder et al. 2003).
In this study I determined critical thermal maximum temperature (CTMax) and the
critical thermal minimum temperature (CTMin) for multiple populations of Sceloporus
occidentalis across multiple seasons and years. These measures were first defined by
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Cowles and Bogert (1944) as “the thermal point at which locomotory activity becomes
disorganized and the animal loses its ability to escape from conditions that will promptly
lead to its death”. This definition has proved useful in determining the ability of an
organism to withstand extreme temperatures in invertebrates, anurans, reptiles, and fish
(Smith and Ballinger 1994, Neargarder et al. 2003, Ravaux et al. 2003, Chown et al.
2009, Cross and Rawding 2009). Variation in CTMax and CTMin between individuals
and populations has been shown to be adaptive in some species and plastic in other
species but usually closely related to survival (Greer 1980, Klok and Chown 2001,
Neargarder et al. 2003, Huang et al. 2006).
Another way to characterize the thermal physiology of an organism is through the
measurement of heat shock proteins (Hsps), which are used to protect the cell from
damage due to short periods of thermal stress (Lindquist 1986, Lindquist and Craig 1988,
Ulmasov et al. 1992, Sorensen et al. 2003). Expression of heat shock proteins,
specifically HSP70 (70 kDa) has been shown to enhance survival and fitness in a wide
range of organisms, from individual cells (Arya et al. 2006) to insects (Krebs and Feder
1997a, Edgerly-Rooks et al. 2005, Rinehart et al. 2006) to reptiles (Ulmasov et al. 1992).
Heat shock protein expression has also been shown to increase thermal tolerance in many
invertebrates (Sanders 1993, Klok and Chown 2003, Ravaux et al. 2003), yet few studies
have examined the relationship between heat shock protein expression and thermal
tolerance in a vertebrate system (Ulmasov et al. 1992, Kassahn et al. 2009).
This study had four main objectives: 1) To better understand the effects of geographic
and seasonal variation in temperature on thermal tolerance in S. occidentalis. I expected
to find that thermal tolerance varies geographically and seasonally in a manner that is
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consistent with differences in environmental temperature across four study sites. 2) To
examine whether levels of heat shock protein are correlated with thermal tolerance. In
this case I expected to find increased Hsp70 abundance correlated with an increase in
heat and cold tolerance. 3) To examine potential trade-offs between heat and cold
tolerance at the level of an individual. and 4) To determine if, on a longer timescale,
thermal tolerance in S. occidentalis has responded to recent changes in environmental
temperature. By addressing these objectives, my overall goal is to understand how
thermal tolerance in S. occidentalis varies with environmental temperature and whether
or not this species may be able to withstand the climatic changes that are predicted to
result from global warming.

Methods
Site descriptions and climate data:
I examined geographic and seasonal variation in thermal tolerance in S.
occidentalis at four locations in California; two in the Eastern Sierra and two in the San
Gabriel Mountains. These four sites occur at paired latitudes (north and south) and
altitudes (high and low) and have been shown to be variable in mean temperature
throughout the year (Chapter 1). The study sites included: 1) Bishop Creek (BC), 7.9 km
southwest of Bishop, Inyo County (elevation 2135 m); 2) Keough Hot Springs (KHS),
12.5 km south of Bishop, Inyo County (elevation 1220 m); 3) Table Mountain (TM), 3.5
km northwest of Wrightwood, San Bernardino County (elevation 2230 m); and finally 4)
Joshua Tree (JT), 11.2 km west of Pinion Hills, Los Angeles County (elevation 1370 m).
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Study organism and collection:
The western fence lizard, Sceloporus occidentalis, is geographically widespread
lizard ranging from southern Washington State south into Baja California, Mexico and
from sea level up to 2500 m elevation (Behler 2000, Stebbins 2003). This small lizard
(adult size: 60-90 mm SVL, 15-30 g) is typically active from April until October at these
study sites and utilizes a wide range of substrates for intra-specific displays and
thermoregulation (Adolph 1990, Asbury and Adolph 2007).
For this study I collected lizards during May and June of 2007 and 2008 and again
in September 2008. All lizards were collected by noose (N = 23 - 39 per site) and
transported to the laboratory within eight hours of capture. Lizards were housed in a
custom 25 L enclosure with a sandy substrate and a single rock for perching. In addition,
a heat lamp was provided on a 12-hr light: 12-hr dark cycle to create a thermal gradient
and allow lizards to thermoregulate. Lizards were fed crickets dusted with commercially
available vitamin powder every other day and water was provided ad libitum.

Thermal tolerance measurements:
Captured lizards were held in the laboratory between five and seven days prior to
laboratory experiment to minimize effects of recent thermal exposure prior to capture.
After laboratory acclimatization, CTMax and CTMin for each lizard was measured using
the loss of righting response (LRR) method. This method, which is defined as the body
temperature at which a lizard is no longer able to right itself after being turned onto its
back, is less invasive than other methods of measuring critical thermal tolerance that can
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result in permanent physiological changes such as heat hardening (Lutterschmidt and
Hutchison 1997a, b).
Lizards were randomly assigned to treatment groups that differed in whether
CTMax or CTMin was measured first. CTMax was determined by placing each lizard in
a 20 L bucket with a thin layer of moistened sand on the bottom. A 150-watt heat lamp
was suspended 10 cm above the bucket to heat lizards at approximately 1°C/minute
(determined empirically by preliminary trials). All lizards were held at room temperature
(~21°C) for a minimum of one hour before heat stress and placed in the bucket at the
beginning of the heat trial. Activity in these lizards was typically minimal at the
beginning of the trial but increased steadily until peaking approximately halfway through
the trial, before decreasing again. As activity decreased, lizards began to show visible
signs of heat stress, such as panting and disorientation. Once voluntary activity ceased,
lizards were placed on their backs to test their ability to turn themselves over (righting
response). This was repeated every 15 seconds until LRR was achieved. At that point,
cloacal temperature was taken within 5 seconds and was recorded as the CTMax.
CTMin was determined in a similar fashion by placing lizards in 38 L aquarium
that contained a custom metal tray with a thin layer of sand suspended in an ice bath.
Lizards were placed in the tray at the start of CTMin trials and voluntary activity quickly
diminished after trials began. Once voluntary activity ceased, lizards were flipped on
their back to test for righting response. This test was repeated every 15 seconds until loss
of righting response was achieved. As before, body temperature was measured using a
cloacal thermometer within 5 seconds and recorded as CTMin.
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Biochemical analysis of heat shock proteins:
I also tested whether baseline levels of Hsp70 were correlated with increased
thermal tolerance by measuring Hsp70 abundance in all lizards collected during May and
June in 2007 and 2008. After thermal tolerance measurements, all lizards were returned
to the enclosures for 48 h, at which point they were sacrificed. Hind leg tissue was
dissected and flash frozen at -80°C until Hsp70 expression levels were quantified.
Expression levels of total Hsp70 were quantified following methods modified
from previously published studies (McMillan et al. 2005, Rank et al. 2007). Dissected
tissue was homogenized in buffer [100 mM Tris-HCL, 0.5% SDS, 0.5% Triton-X, 1%
Protease inhibitor cocktail (Sigma-Aldrich Co., St. Louis, MO), pH 7.2] using ground
glass tissue homogenizers (Kontes #20) and centrifuged at 15,000 x g for 15 minutes at
4°C. Total protein concentration was determined in the supernatant using a commercially
available kit (Thermo Fisher Scientific, Rockford, IL, USA) that utilized a modified BCA
approach (Smith et al. 1985). Samples were then diluted with water to achieve an equal
concentration and combined with sample buffer (Invitrogen Corp., Carlsbad, CA) and a
reducing agent (50 mM DTT final concentration ). Twenty micrograms of protein from
each lizard was loaded into a single well of a 4-12% pre-cast gradient Bis-Tris gel
(Invitrogen Corp.). In order to quantify Hsp70 abundances, two wells of each gel were
loaded with between 10 and 80 ng pure human Hsp70 (NSP-555; Assay Designs, Ann
Arbor MI) as positive controls. To standardize these controls across gels, each control
was loaded on multiple gels. Gels were electophoresed at150 V for 90 minutes to ensure
decent band separation. After separation, bands were transferred to a 0.45 µm PVDF
membrane using constant amperage (0.4 Amperes) for 1 hour (Towbin et al. 1979). Blots
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were probed for Hsp70 using an Hsp70-specific antibody (MA3-006, Affinity
BioReagents, Golden CO) and a peroxidase conjugated anti-rat secondary antibody.
Bands were then visualized using chemi-luminescence and quantified using Quantity
One® software (Bio-Rad).

Historical changes in thermal tolerance:
I also examined the long-term effects of environmental temperature on thermal
tolerance by comparing thermal tolerance in lizards from Joshua Tree measured during
September 1983 to thermal tolerance for lizards from Joshua Tree measure during
September 2008. Critical thermal maximum and minimum temperature from 1983 were
provided by Steve Adolph, Harey Mudd College, Claremont, CA. These lizards were
collected during September 1983 for a similar study and were returned to the lab within 7
days for determination of critical thermal limits. CTMax and CTMin were determined
using the LRR method described above.
To model thermal conditions for both time periods, I used historical weather data
available from the National Climate Data Center (http://lwf.ncdc.noaa.gov/oa/ncdc.html).
I chose a single weather station (Fox Field, Lancaster, CA: Id# 723816 03159, elevation
713 km) which was located closest to Joshua Tree, approximately 50 km from Joshua
Tree, and for which hourly temperatures were available from January, 1980 until
December, 2008. To build a thermal profile of Joshua Tree during each year (1983 and
2008), I compared daily means and standard deviations for each 4 hour interval from
April 15th until September 30th, the approximate activity period of S. occidentalis.
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Statistical Analysis:
I performed all tests using JMP statistical software (version 7.0.2, SAS Institute,
Cary, NC). To begin, I correlated CTMax with CTMin in order to test for a trade-off
between individual tolerance of heat and cold. To test for geographic and seasonal
variation in thermal tolerance, I used a two-way analysis of variance (ANOVA) with site
and season as fixed factors. I also used a two-way ANOVA to test the effects of site and
season on thermal breadth (CTMax – CTMin). A correlation analysis was used to test for
a relationship between Hsp70 abundance and thermal tolerance (CTMax and CTMin). In
addition, I tested for seasonal changes in thermal breadth across the sites using a two-way
ANOVA with site and season as fixed effects. Finally, I tested for changes in CTMax
and CTMin from 1983 to 2008 using a one-way ANOVA with year as the single fixed
effect.

Results
Site and seasonal differences in thermal tolerance:
Critical thermal tolerance in S. occidentalis varied among the four sites for both
maximum and minimum temperature. Altitude was a significant predictor of CTMax
while both altitude and latitude were significant predictors of CTMin (Figure 6A, Table
4A). Individuals from the desert sites (Joshua Tree and Keough Hot Springs) had higher
CTMax than individuals from either of the mountain sites (Bishop Creek and Table
Mountain). However, the same pattern was not observed for CTMin (Figure 6B, Table
4). Lizards from Bishop Creek had the lowest CTMin, while lizards from Joshua Tree
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had the highest CTMin. Lizards from Keough Hot Springs and Table Mountain were
intermediate (Figure 6B, Table 4).
There was also a season by site interaction for both CTMax and CTMin (Figure 7,
Table 4). During the early summer, CTMax was greatest in individuals from Joshua Tree
and lowest at Bishop Creek, with Keough Hot Springs and Table Mountain having
intermediate values (Figure 7A). Over the course of the summer months, CTMax
increased for lizards at all sites, however, the only site where CTMax increased
significantly was at Keough Hot Springs. The pattern for CTMin was more complex.
During the early summer months, the northern sites had higher cold tolerance (lower
CTMin) than the southern sites. However, by the end of the summer, cold tolerance
improved the most at Table Mountain, and also (to a lesser extent) at Joshua Tree, such
that lizards at both high altitude sites (BC and TM) had higher cold tolerance than lizards
at either of the low altitude site (KHS and JT) (Figure 7B).

Trade-offs between CTMax and CTMin and the effects of Hsp70 expression:
The relationships between thermal tolerance and Hsp70 abundance observed in
this study were not expected and differed between hot and cold tolerance. There was no
relationship between constitutive Hsp70 abundance and CTMax (Figure 8A, R2 =
5.18x10-5, p = 0.9596). However, increased Hsp70 abundance was positively correlated
with an increase in CTMin (Figure 8B, R2 = 0.08, p = 0.0360).
Independent of the site and seasonal differences found for CTMax and CTMin, I
found that there was a trade-off in thermal tolerance such that individuals with high heat
tolerance had relatively poor cold tolerance (indicated by a higher value for CTMin,
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Figure 9, R2 = 0.11, p<0.0001, N=102). In addition to a trade-off in thermal tolerance,
there was also a site by season effect on thermal breadth (CTMax- CTMin) (Figure 10,
Table 5). Early in the season, the northern latitude sites had greater thermal breadth.
However, over the summer months, thermal breadth increased the most at Table
Mountain and Joshua Tree, primarily due to a decrease in CTMin, so that by the end of
the summer there was no statistical difference in the tolerance breadth for lizards at these
four sites.

Historical changes in thermal tolerance:
Thermal tolerance measured at Joshua Tree changed between 1983 and 2008.
Sceloporus occidentalis individuals at Joshua Tree measured in 1983 had a greater
thermal breadth with a higher CTMax (Figure 11A, Table 6) and a lower CTMin (Figure
11B, Table 6) than individuals measured during the summer of 2008. The corresponding
mean daily summer temperatures during each year at Fox Field, the proxy for Joshua
Tree, increased from 22.1°C to 24.9°C from 1983 to 2008 (ANOVA: F1,1977 = 70.71,
p<0.0001, not shown). However, standard deviation for daily temperature during the
same period increased at this site from 7.53 °C in 1983 to 7.96°C in 2008 (ANOVA:
F1,1971 = 24.98, p<0.0001, not shown).

Discussion
Site and seasonal differences in thermal tolerance:
Results from this study indicate that thermal tolerance varies among geographic
locations and that this variation is consistent with environmental temperature. However,
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the patterns for CTMax and CTMin were different among study sites. CTMax tended to
be greater for individuals from the desert sites than those from the mountain sites, and
was also higher at the end of the summer. However, cold tolerance, independent of
altitude, tended to be higher at the northern sites and decreased over the summer months.
Furthermore, although there is a trade-off between CTMax and CTMin, thermal breadth
increased at the southern sites from May until September to levels similar to the northern
sites.
One unexpected result is that there was no relationship between Hsp70 and
CTMax as originally expected. Yet, surprisingly, there was a positive correlation
between Hsp70 and CTMin. Finally, although there were changes in thermal tolerance
for Joshua Tree lizards from 1983 until 2008 with tolerance to both heat and cold
decreasing during this time period, there was no associated change in air temperature.
These results expand upon previous studies that have investigated thermal tolerance in
the context of either geographic or seasonal variation in temperature. However, by
studying these factors together we can better understand how thermal tolerance in natural
populations can contribute to species distributions.
Previous studies have examined variation among populations in thermal tolerance
and its relationship with environmental temperature. However, many of these studies
have only examined one type of thermal tolerance (hot or cold) or have only focused on a
single variable, such as altitude (Smith and Ballinger 1994, Brown 1996), season (Fry
1947, Hu and Appel 2004, Sinclair et al. 2006) or species (Moore 1949, Cuculescu et al.
1998). This study has also expanded upon previous studies by incorporating site and
season simultaneously, to better account for the relative roles that the local environment
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and population structure play in determining hot and cold thermal tolerance in a single
species. For example, CTMax was greatest at Joshua Tree and lowest at Bishop Creek
with a similar pattern observed for CTMin. Lizards from Bishop Creek, the coolest site,
had the lowest CTMin, or best cold tolerance, while lizards from Joshua Tree had the
highest CTMin, or worst cold tolerance. The other two sites were intermediate.
However, alone, these results may be misleading because, by incorporating seasonal
effects of thermal tolerance, it becomes clear that much of the variation among sites in
CTMax and CTMin is the result of differing levels of the strength of a seasonal effect on
thermal tolerance.
Although there was relatively little difference in CTMax among the four sites
during May, during the summer there was a marked increase in heat tolerance at Keough
Hot Springs and Joshua Tree, the two desert sites, such that by the end of the summer
there were differences in CTMax between altitudes. This pattern is not surprising
because environmental temperature was similar between the two desert sites and was
higher at both sites when compared to the mountain sites during the summer months
(Chapter 1). Cold tolerance in S. occidentalis showed a different pattern than heat
tolerance when site and season was considered simultaneously. At the beginning of the
summer, there was a clear latitudinal division in cold tolerance, with both northern sites
having better cold tolerance than either southern site, independent of altitude. Over the
course of the summer months, cold tolerance improved at the southern sites, especially at
Table Mountain, and by September lizards at both high altitude sites had better cold
tolerance than lizards at the low altitudes sites, similar to the pattern observed for CTMax
during September.
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Previous work in these populations of S. occidentalis has shown genetic similarity
between the Table Mountain and Joshua Tree sites relative to the Keough Hot Springs
site suggesting that gene flow has occurred along an altitudinal gradient but not across
latitudes (S. Adolph, personal communication). Unfortunately, genetic similarity has not
been measured between the Bishop Creek site and Keough Hot Springs. However, given
the similar geographic distance and landscape features between each pair of sites in the
north and south, it is reasonable to conclude that there is also gene flow between Bishop
Creek and Keough Hot Springs. The genetic differences between the northern and
southern sites in conjunction with the environmental variability in temperature between
the high and low altitude sites suggest that there are both adaptive (genetic) and plastic
(environmental) determinants for thermal tolerance in S. occidentalis. Furthermore,
these forces are not static throughout the year and can vary independently for both hot
and cold tolerance in S. occidentalis depending on the season.
The relative importance of both genetic and environmental factors in determining
thermal tolerance is evident from the observed patterns among the sites and from the
change in these patterns during the course of this study. At the beginning of the summer,
there was relatively little difference in CTMax for individuals at all four sites, with the
exception of a comparison between Bishop Creek and Joshua Tree. This suggests that
lizards at these two sites are locally adapted to the temperature of their environment and
that the other two sites are intermediates in both thermal environment (Chapter 1) and
heat tolerance. During the summer, however, CTMax increased for individuals only at
the two desert sites, which suggests that there is indeed a plastic component to CTMax
that can vary within seasons. A similar pattern was observed for cold tolerance. At the
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beginning of the summer, there was a latitudinal division in CTMin among the sites
suggesting that cold tolerance in S. occidentalis is better at the cooler northern sites as a
result of local adaptation. However, by the end of the study period, cold tolerance
differed by altitude. Surprisingly, cold tolerance remained unchanged or improved at all
four sites and did not decrease as originally expected. In summary, critical thermal
tolerance in S. occidentalis may be under selection at the most extreme thermal sites (JT
for heat; BC for cold) and these sites may act as a buffer for the matching latitudinal site
against local adaptation to temperature. As a result, even though Keough Hot Springs is
a desert site, lizards here have better cold tolerance than expected from environmental
temperature because of the site’s proximity to Bishop Creek. In a similar fashion, lizards
at Table Mountain have better tolerance of heat than predicted by environmental
temperature at the site because of the site’s proximity to Joshua Tree. In order to test this
hypothesis, however, further additional sampling points at different times throughout the
year need to be added to the data collected in this study. Unfortunately, this may not be
possible because of the lack of lizard activity at these sites during the winter months,
especially at the high altitude sites which are covered in snow.
The range of temperatures over which an individual lizard is able to function can
often vary between individuals and populations with changes in environmental
temperature. Evolutionary physiologists often argue that these trade-offs in organismal
performance are centered on the specialist / generalist barrier, which states that as an
organism becomes increasing adapted to tolerance extreme temperatures, the range of
temperatures over which that organism is able to function decreases (Huey and
Kingsolver 1993, Gilchrist 1995, Angilletta et al. 2003). These trade-offs typically arise
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from the structure / function limitation of enzymes (Hochachka and Somero 2002).
Enzymes with higher conformational stability function better at higher temperatures,
while enzymes with less conformational stability function better at lower temperatures
(Somero 1978, Gilchrist 1995, Hochachka and Somero 2002). This means that for a
given organismal trait, an organism should be unable to perform better at one temperature
extreme without sacrificing performance at the other temperature extreme. Using
CTMax and CTMin as the thermal boundaries of organism performance, S. occidentalis
is an example of an organism in which a trade-off has occurred between heat and cold
tolerance. However, this trade-off does not seem to be present at all sites as cold
tolerance improved over the course of the summer months at some of the sites in this
study (Table Mountain and Joshua) while heat tolerance was improving at the same time
(Joshua). Furthermore, other work in S. occidentalis has found no evidence for a tradeoff between hot and cold tolerance; instead, there was a positive relationship between
heat and cold tolerance (S. Adolph, unpublished data). These contradictory findings
illustrate a high level of population variability in thermal tolerance for S. occidentalis.
This variation is likely due to both genetic differentiation among the populations of S.
occidentalis and recent patterns of environmental air temperature experienced by each
population. Either way these results emphasize the need for further studies to better
understand the adaptive or plastic limits of extreme temperature tolerance, especially in a
geographically widespread species such as S. occidentalis.
Given the presence of a trade-off among individuals in cold versus heat tolerance,
it could be expected that a similar trade-off would occur across populations of S.
occidentalis so that sites with more extreme temperatures, such as Bishop Creek and
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Joshua Tree may have a smaller range of temperatures over which individuals are able to
be active. On the other hand, sites with milder temperatures may have a wider range of
temperatures over which individuals are active. However, despite this expectation, there
is little evidence for a population level trade-off in thermal tolerance. Instead, thermal
breadth was higher in the northern populations than it was in the south during the first
part of the summer, but that difference disappeared by the end of the summer. This
latitudinal difference in thermal breadth is most likely attributed to Rapoport’s rule,
which states that species ranges will increase with latitude due to the ability of organisms
to withstand greater variability in climatic conditions at higher latitudes (Stevens 1989,
1992, Blackburn and Gaston 1996, Johnson 1998, Gaston and Chown 1999). Much of
this latitudinal variation in Rapoport’s rule is attributed to variation in cold tolerance
(Gaston and Chown 1999), which can be seen in the large variation among sites in cold
tolerance during the May sampling. However, Rapoport’s rule can only partially explain
the latitudinal differences in thermal breadth as there was no difference in thermal
breadth among the sites by the end of the summer. Instead, it is possible that the relative
importance of Rapoport’s rule in explaining the latitudinal variation in thermal breadth
can diminish during seasons with more extreme temperatures, such as the summer and
winter. Either way, further investigation into the geographic patterns of thermal breadth
are necessary to better understand how flexible different populations of S. occidentalis
are and how they may respond to an increase or decrease in variability in their thermal
environment.
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Relationship between thermal tolerance and Hsp70 abundance:
In many invertebrate organisms, critical thermal tolerance has been shown to
increase with the production of Hsp70 (Neargarder et al. 2003, Ravaux et al. 2003,
Rinehart et al. 2007, Sorensen et al. 2009). Yet, few studies have examined the
relationship between Hsp70 and heat and cold resistance in vertebrates, and none have
examined the relationship between Hsp70 and critical thermal tolerance in reptiles
(Ulmasov et al. 1992, Yu et al. 1998, Sorensen et al. 2009). For S. occidentalis, I found
no relationship between levels of Hsp70 abundance and thermal tolerance as expected. In
fact, CTMin was positively correlated with Hsp70 abundance in S. occidentalis,
indicating that as Hsp70 abundance increased cold tolerance decreased. This result has
not been reported elsewhere and is surprising given that Hsp70 has been shown to
enhance cold tolerance in addition to heat tolerance in insects (Yocum 2001, Rinehart et
al. 2007). One possible explanation for this relationship between Hsp70 abundance and
cold tolerance in this species is that the expression of Hsp70 has been shown to incur a
high metabolic cost for many organisms leading to possible reductions in fitness
(Hofmann and Somero 1995, Krebs and Bettencourt 1999, Sorensen et al. 2003, Dahlhoff
and Rank 2006, Rinehart et al. 2006). However, much of this work has centered on
organisms that are thermo conformers with body temperature that closely track air
temperature. As a result, the link between Hsp70 and thermal tolerance may be
decoupled in organisms that are able to behaviorally maintain body temperatures within
critical thermal limits at which point the expense of producing Hsp70 is not beneficial to
enhancing thermal tolerance (Sorensen et al. 2009).
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Historical changes in thermal tolerance:
At Joshua Tree there was a decrease in both heat and cold tolerance measured
during September 2008 relative 1983. This result was not expected given that from April
to September it was warmer in 2008 than it was in 1983. Instead, thermal tolerance for
both heat and cold was expected to increase given the seasonal increases in thermal
tolerance observed elsewhere in this study. However, this comparison is limited in its
ability to detect long term patterns of thermal tolerance as a result of changing
temperatures because there were only two time points available for analysis. In addition,
the Fox Field data logger, which was used as a thermal proxy for Joshua Tree, may not
reflect the actual thermal patterns of temperature at Joshua Tree due to the geographic
distance separating the two sites (50km). Despite the lack of a relationship with
environmental temperature in this portion of the study, the significant change in CTMax
and CTMin from 1983 to 2008 warrants further investigation to determine the source of
these changes. If long term changes in thermal tolerance for S. occidentalis are due to
environmental temperature, understanding the mechanism of those changes can help
better predict the consequences of further changes in temperature that can result as a
consequence of climate change.

Conclusion:
In this study, I found that the relative importance of environmental temperature, a
consequence of geographic location, varied seasonally in determining critical thermal
tolerance to both hot and cold temperatures in S. occidentalis. This is likely caused by
selection working on thermal tolerance in habitats with more extreme temperatures, while
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in other habitats, recent environmental temperature has a greater role in determining
critical thermal tolerance. In addition, there was a trade-off between hot and cold
tolerance for individual lizards, but there was no trade-off for populations of organisms.
Furthermore, the relationship between Hsp70 and thermal tolerance appears to be
decoupled in this species even though it has been shown in several other species, possibly
because S. occidentalis is able to thermoregulate. Finally, although there were changes in
thermal tolerance over the past 25 years for Joshua Tree lizards, my results show that it
was not due to differences in mean summer temperature during that time. In all of these
studies, there was a significant amount of individual level variation and future studies on
the genetic basis of thermal tolerance in S. occidentalis may help clarify the relative roles
that environmental temperature and local adaptation play in determining the critical
thermal tolerance in Sceloporus occidentalis.
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Tables
Table 4: Two-way ANOVA showing the effects of site and season on (A) critical
thermal maximum (CTMax) and (B) critical thermal minimum (CTMin) in S.
occidentalis.
A) CTMax:
Source

df

SS

F

Site

3

16.085

10.06****

Season

1

14.150

26.5619****

Site x Season

3

6.126

3.83*

Error

139

74.049

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
B) CTMin:
Source
df
SS
F
Site
3
16.412
14.69****
Season
1
5.232
14.05***
Site x Season 3
11.638
10.41****
Error
102
35.386
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Table 5: Site and seasonal effects on thermal breadth in S. occidentalis using two-way
ANOVA.
Source

df

SS

F

Site

3

7.056

4.53**

Season

1

15.795

30.42****

Site by Season 3

7.871

5.05**

Error

48.812

94

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Table 6: Effects of collection year (1983 vs 2008) on CTMax and CTMin in S.
occidentalis for the Joshua Tree site. N = 24 (1983) and 10 (2008).

A) CTMax
Source

df

SS

F

Year

1

18.688

37.54****

Error

32

15.930

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
B) CTMin
Source
df
SS
F
Year
1
74.444
62.54****
Error
32
38.090
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 6. Site differences in A) critical thermal maximum (CTMax) and B) critical
thermal minimum (CTMin) for S. occidentalis lizards measured during May / June and
September 2008. Sites included are BC, KHS, TM, and JT (NCTMax = 31 – 47 per site and
NCTMin = 23 – 28 per site). Boxes represent the median, lower and upper quantiles.
Whiskers represent the 10th and 90th percentile. Letters represent significant difference in
pair wise comparisons. See Table 4 for statistical analysis.

52

Critical Thermal Maximum (C)

43.0

d

A)

c,d

Bishop Creek
Keough Hot Springs
Table Mountain
Joshua Tree

42.5
42.0

b,c

41.5

a,b

a,b,c
a,b

a,b

a

41.0
40.5

Critical Thermal Minimum (C)

9.0

May / June

B)

c,d

September
d

8.5
b,c,d

8.0

a,b,c

a,b

7.5

a,b

a,b

a

7.0
6.5
May / June

September

Month
Figure 7. Site and seasonal differences in CTMax and CTMin in S. occidentalis from four
California sites during early and late summer months. Data points represent site means
(±SE) in °C for A) CTMax and B) CTMin. Bars not connected by the same letter are
significantly different. See Table 4 for statistical analysis.
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Figure 8. Correlations between Hsp70 abundance and A) CTMax and B) CTMin in S.
occidentalis collected during May and June 2008. Data represent individual lizards (N =
52 for each). There was no relationship between Hsp70 and CTMax (R2=5.18x10-5,
p=0.9596), however there was a positive relationship between CTMin and Hsp70
abundance (R2=0.08, p=0.0360).
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Figure 9. Correlation between CTMax and CTMin in S. occidentalis from four sites
during May, June, and September 2008. Points are individual lizards for which both
CTMax and CTMin were measured (N=102). CTMin increased linearly with CTMax (Y
= 0.410X – 9.492, R2 = 0.11, p<0.0001).
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Figure 10. Effects of site and season on thermal breadth (CTMax – CTMin) in S.
occidentalis. Data points represent means (±SE). Columns not connected by the same
letter are significantly different. See Table 5 for statistical analysis.
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Figure 11. Long-term changes in A) CTMax and B) CTMin in S. occidentalis from
Joshua Tree during 1983 and 2008. Sample sizes are N = 24 (1983) and N = 10 (2008).
Boxes represent the median, lower and upper quartiles. Whiskers represent the 10th and
90th percentile. See Table 6 for statistical analysis.

57

CHAPTER III

GEOGRAPHIC VARIATION IN SPRINT SPEED AND HEAT SHOCK PROTEIN
ABUNDANCE BEFORE AND AFTER HEAT STRESS IN THE WESTERN FENCE
LIZARD

Abstract
The Western fence lizard, Sceloporus occidentalis, is a geographically widespread
lizard occurring throughout the western United States. This lizard occurs in many diverse
thermal environments and can be exposed to potentially stressful temperatures in these
natural habitats. The production of molecular chaperone proteins, specifically heat shock
proteins (Hsps) can aid in recovery from thermal stress by restoring proteins that have
become denatured. In addition to the physiological effects on cellular processes,
environmental temperature has also been shown to affect locomotor ability, especially
sprint speed, an important determinant of predator escape ability in lizards. Therefore,
production of Hsps during periods of thermal stress should be a reliable indicator of
physiological stress and should be correlated with reduced sprint speeds in S.
occidentalis. In this chapter of my dissertation I measured sprint speeds in S. occidentalis
from four populations during June 2007 and June 2008 before and after exposure to
experimental heat stress (or a control temperature). After sprinting trials were complete,
I dissected hind limb muscle tissue to quantify abundance of Hsp70, one member of the
heat shock protein family. I found that lizard sprint speed from each of the four sites
differentially decreased as a result of the heat stress. I also found that while there was no
difference among sites in abundance of Hsp70 for the experimental treatment or control
group treatment, the difference between these two groups (experimental and control) was
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greater at the Northern sites, suggesting that lizards from the northern sites were more
physiologically stressed after heat shock. Finally, I found that Hsp70 abundance was
negatively correlated with sprint speed, meaning that it is a reliable indicator of organism
stress in this species. These results, along with the measured thermal variation among
these study sites (Chapter 1) indicate the potential for natural selection to act within these
populations and may lead to local adaptation to temperature in S. occidentalis.

Introduction
Understanding the diversity of physiological processes that allow organisms to
exist in extreme environments can help elucidate the current and historical limits of
species ranges (Feder et al. 1987, Bennett and Huey 1990). Typically, geographic
variation in intraspecific physiological function has been attributed to adaptive genetic
differences among populations that allow organisms living in different environmental
conditions to maintain and optimize physiological function (Endler 1977, Huey and
Kingsolver 1993, Dahlhoff and Rank 2000, Hochachka and Somero 2002). However,
geographic variation in physiological function can also be environmentally based due to
individual acclimation to environmental conditions (Sinervo and Adolph 1994, Crill et al.
1996, Dufty et al. 2002). Understanding how these two processes interact can allow us to
better understand how natural selection acts to shape natural populations.
Environmental temperature is one factor that varies across geographic area and
has been found to result in range shifts and local extinctions of populations (Parmesan et
al. 1999, Clarke 2003, Bradshaw et al. 2004, Rank et al. 2007). Current models of
climate change predict that the average global temperature will increase by more than
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0.15°C per decade, and that the increase in temperature at some local environments,
especially higher latitudes and elevations may be greater (Walther et al. 2002, IPCC
2007). In addition to this overall warming, many models predict an increase in the
frequency and intensity of extreme temperature events, which may increase selection
pressure on organisms due to these extreme temperatures (Jayco and Millar 2001).
Together, these changes in the thermal environment, both in average temperature and the
frequency of extreme temperatures, have the potential to drastically alter species
distributions, especially for populations living at the edge of their range.
Even if species distributions remain unchanged, population densities or
composition may suffer if only certain individuals are able to survive the changes in the
thermal environment. For this reason, it is necessary to take a wide range of approaches
in order to understand the effects of temperature on natural populations, from a
biochemical understanding of the limits of thermal tolerance to understanding the
ecological consequences of thermal plasticity and adaptation (Hochachka and Somero
2002, Angilletta 2009). By understanding how extreme environmental conditions, and
temperature in particular, lead to physiological variation, and whether this variation is
adaptive, we are better equipped to predict future potential shifts in species ranges,
especially in the face of changing climatic conditions (Clarke 1996, Parmesan et al. 1999,
Feder et al. 2000, Angilletta et al. 2002b).
One effect of extreme temperature is that it can cause many organisms to
experience physiological stress as they attempt to maintain homeostasis (Hochachka and
Somero 2002, Bradshaw et al. 2004, Dahlhoff and Rank 2006). Consequently, species
living in environments that experience thermal stress are faced with three options: 1)
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move to a new environment, 2) adapt to the stress or, 3) face the risk of extinction
(Sorensen et al. 2003). Individual populations of a species can experience differing
pressures from selection as a result of geographic variation in environmental temperature
which has been shown to not only affect only an organism’s physiology but also behavior
and performance (Endler 1977, Huey et al. 1990, Dahlhoff and Rank 2000, Sears and
Angilletta 2003). This phenotypic variation results from variation in selection pressures
among populations and represents the first step in genetic divergence that may ultimately
lead to speciation (Garcia Ramos and Kirkpatrick 1997, Herrel et al. 2001, Gavrilets
2003). Understanding the effects of geographic variation represent an excellent
opportunity to study evolution in the wild (Feder 1999, Dahlhoff et al. 2001, McMillan et
al. 2005).
One of the reasons that temperature tolerance is an ideal trait to better understand
selection is that temperature affects nearly all organismal processes, including energy
utilization, locomotion, feeding, and reproduction (Johnston and Bennett 1996, Clarke
2003). The effects of temperature can be especially pronounced in ectotherms, which
utilize the ambient thermal environment to maintain body temperature and physiological
function. Temperature has been shown to limit species distributions in ectotherms
through its effects on reproduction and survival (Helmuth and Hofmann 2001, Rank and
Dahlhoff 2002, McMillan et al. 2005). Furthermore, thermal stress has also been shown
to limit an ectotherm’s ability to perform functions such as feeding, reproduction, and
locomotion (Huey and Slatkin 1976, Bennett 1980, Ji et al. 1996, Lailvaux 2007). As a
result, populations of ectotherms from different thermal environments may experience
differing levels of temperature stress but, over evolutionary time, natural selection should
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act on this variation to maintain overall organismal function within a given population
(Bennett 1990, Ji et al. 1996, Johnston and Bennett 1996, Angilletta 2001, Angilletta et
al. 2002a).
Natural selection can help to maintain organismal function across different
thermal environments by mitigating the effects of temperature on cellular structures and
processes such as protein structure, membrane composition and fluidity, and biochemical
reaction rates in order to maintain homeostasis (Hazel 1995, Somero 1995, Dahlhoff and
Rank 2000, Hochachka and Somero 2002). An increasing number of studies have
demonstrated that changes in environmental temperature, and the resulting effects on
cellular processes, can be one of the factors that lead to range shifts and local extinctions
among populations (Parmesan et al. 1999, Clarke 2003, Bradshaw et al. 2004, Dahlhoff et
al. 2008). This makes understanding the relationship between environmental temperature
and physiological function especially important to better predict how future changes in
climate may affect the distribution of species living near a thermal boundary, such as a
geographic or altitudinal edge of the current species distribution.
Temperature can be highly variable in natural environments (Dahlhoff and Rank
2000, Jacobson 2005). During periods of elevated temperatures, cellular proteins can
become denatured due to perturbation of the electrostatic interactions that maintain the
tertiary and quaternary structures of many proteins. This can also lead to inappropriate
interactions with other proteins or the formation of protein aggregates (Hofmann 1999,
Hochachka and Somero 2002). To mitigate the damage from these stressful
temperatures, many organisms synthesize a specific class of proteins called molecular
chaperones that aid in preventing denaturation of proteins or restoring function to already

62

denatured proteins. One class of molecular chaperones, the heat shock proteins (Hsps), is
used to refold denatured proteins and prevent the accumulation of denatured or partially
unfolded proteins in the cell (Lindquist 1986, Parsell and Lindquist 1993, Dahlhoff et al.
2008). The production of Hsps, specifically Hsp70 (70 kDa) have been shown to
increase thermal tolerance and enhance survivorship for a variety of organisms living in
fluctuating thermal environments (Krebs and Bettencourt 1999, Sorensen et al. 2003).
Whether or not the expression of Hsps enhances thermal tolerance, the synthesis
and expression of Hsps require energy that may be diverted from other metabolic or
behavioral processes, such as feeding and reproduction (Lindquist 1986, Krebs and
Holbrook 2001, Sorensen et al. 2003, Dahlhoff et al. 2008). As a result, individuals that
necessarily produce more Hsps to survive or recover from periods of thermal stress may
suffer a relative fitness cost over their lifetime in comparison to other individuals that are
better adapted to extreme temperatures (Krebs and Feder 1998, Krebs and Holbrook
2001). Over evolutionary time, however, biochemical adaptations should accumulate
that minimize the production of Hsps but still maintain adequate protection from periods
of thermal stress (Hofmann and Somero 1995, Hochachka and Somero 2002).
Even though natural selection should minimize over-expression of Hsps, selection
acts upon the whole organism and not individual traits. Therefore, it becomes necessary
to propose a mechanism through which selection can act upon heat shock protein
expression and use a reductionist approach to test each step in the proposed mechanism,
from cellular protein expression to the ecological and evolutionary consequences of
expression (Hochachka and Somero 2002). One way to examine the effects of natural
selection on heat shock protein expression is to examine variation in a measure of whole
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organism performance, such as sprinting speed. The sprinting ability of an organism has
been shown to be highly correlated with survivorship (Irschick and Garland 2001,
Calsbeek and Irschick 2007, Irschick and Le Galliard 2008). By examining the
relationship between sprint speed performance and heat shock protein expression, we can
begin to understand whether or not there are tradeoffs between whole-organism
performance and heat shock protein synthesis, which will help us to better predict how
different populations in different thermal regimes will respond to a change in their
thermal habitat and whether that will lead to an increase in thermal stress.
In this study, I examined the effects of temperature stress on performance and
stress protein expression in the western fence lizard, Sceloporus occidentalis. This
species has a wide geographic range along western North America that encompasses a
diversity of thermal habitats, making S. occidentalis ideal to study the effects of
temperature variation on stress protein expression and its relationship to locomotion.
Heat shock protein abundance levels have not been examined in S. occidentalis, but
previous studies have found that there is geographic variation in sprint speed within this
species (Sinervo and Losos 1991, Buckley et al. 2007). In the laboratory, sprint speed in
S. occidentalis has been shown to increase gradually with temperature up to
approximately 35°C and then decline sharply (Adolph 1987, Vandamme et al. 1989,
Hertz et al. 1993, Angilletta et al. 2002a, Du et al. 2007). I hypothesize that the sharp
decline in the temperature-performance curve is due to the denaturing of critical
locomotor proteins and a corresponding increase in Hsp70 expression to repair the
damaged proteins. As a result, abundance of Hsp70, which can be rapidly altered in
response to temperature stress (Lindquist 1986, Sorensen et al. 2003, Dahlhoff and Rank
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2006), will serve as an effective proxy for physiological stress in this species and as a
reliable indicator of the relative levels of selection pressure between populations in
different thermal environments.
This study is one of the first to examine geographic variation in heat shock protein
abundance and sprint speed within S. occidentalis across sites that vary in environmental
temperature (Chapter 1). In this study, I address two questions. First, are there interpopulation differences in heat shock protein abundance and sprint speed in S. occidentalis
after exposure to heat stress? Second, do the negative effects of heat stress on sprint
speeds correlate with increased abundance of heat shock proteins? By answering these
questions, I hope to understand whether or not increased abundance of a molecular
chaperone in response to heat stress is indicative of increased thermal stress for a given
population and whether or not temperature adaptation has, or is, occurring in this species.

Methods
Study Organism:
The western fence lizard, Sceloporus occidentalis, occurs throughout western
North America from Washington state to central Baja California, Mexico, and from sea
level to approximately 2500 m (Behler 2000, Stebbins 2003). Adults average 60 – 90
mm in snout-vent length (SVL) and are semi-arboreal habitat generalists, utilizing
perches from boulders to bushes and trees. This species is typically active at the sites
used for this study from April to October (Adolph 1990, Asbury and Adolph 2007).
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Specimen collections and site descriptions:
I collected adult male S. occidentalis by noose at 4 locations in California during
late May and early June in 2007 and 2008, and September in 2008: 1) Bishop Creek
(BC), 7.9 km southwest of Bishop, Inyo County (37°17’34”N, 118°33’05”W, Elev. 2135
m); 2) Keough Hot Springs (KH), 12.5 km south of Bishop, Inyo County (37°15’4”N,
118°22’20”W, Elev. 1220 m); 3) Table Mountain (TM), 3.5 km northwest of
Wrightwood, San Bernardino County (34°22’43”N, 117°39’33”W, Elev. 2230 m); and 4)
Joshua Tree (JT), 11.2 km west of Pinion Hills, Los Angeles County (34°26’30”N,
117°45’42”W, Elev. 1370 m). These four sites occur at paired latitudes and altitudes,
with both a low and high elevation represented at each of the south and north latitudes.
At each site, I collected 13-15 lizards during 2007 and six during 2008. All
lizards were transported back to the laboratory within 8 hours of capture. Lizards were
housed in custom-made 25 L enclosures with a single rock for a perch and sand as a
substrate. Heat lamps suspended above each cage provided a 12-h light and 12-h dark
cycle and provided a thermal gradient that lizards could use to thermoregulate. Water
was provided ad libitum in a small dish. Crickets dusted with vitamin powder were
provided as food every other day. The presence of food in the stomach has been shown
to affect locomotor performance in other species (Huey et al. 1984, Kelehear and Webb
2006), so lizards were not fed within 24 hours of the beginning of experimental
treatment.
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Heat stress and sprint speed trials:
Sprint speed performance trials were conducted within 72 hours of capture.
Lizards were assigned to one of two experimental temperature treatments: 40°C (heat
stress) or 20° (control). Of the lizards caught during 2008, five were randomly assigned
to the control treatment and one was assigned to the heat stress, while all lizards from
2007 were assigned to the heat stress. For all lizards sprint speed was measured using a
custom built 2 m racetrack held at 22°C. Sprint speed was initially measured in all
lizards before exposure to experimental temperature treatment (0 hours, time point T1).
To measure maximum sprint speed, each lizard was raced three times along the racetrack.
Speed for each 25 cm interval was determined using photogates connected to a computer.
To correct for individual variation in maximum sprint speed, I calculated a mean
maximum sprint speed for all three trials using the fastest 25 cm interval in each
replicate.
After initial sprinting trials, each lizard was placed in a small plastic container in a
temperature incubator at either 40°C or 20°C for four hours. At the end of the four hour
treatment, sprint speed was measured again (4 hours, time point T2) after which the
lizards were given a one hour rest period to allow for induction of Hsp70 synthesis
(Hofmann and Somero 1995, Dahlhoff et al. 2001, McMillan et al. 2005). At the end of
the rest period, a final sprint speed was measured (5 hours, time point T3). After final
sprinting trials all lizards were sacrificed and hind limb muscle tissue was dissected for
Hsp70 analysis. All dissected tissue was flash frozen on dry ice and stored at -80°C for
less than six month until biochemical analysis could be performed.
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Biochemical analysis:
Levels of total Hsp70 were quantified following methods modified from
previously published studies (McMillan et al. 2005, Rank et al. 2007). Dissected tissue
was homogenized in buffer [100 mM Tris-HCl, 0.5% SDS, 0.5% Triton-X, 1% Protease
inhibitor cocktail (Sigma-Aldrich Co.), pH 7.2] using ground glass tissue homogenizers
(Kontes #20) and centrifuged at 15,000 x g for 15 min 4°C. Total protein concentration
was determined in the supernatant using a commercially available kit (Thermo Fisher
Scientific, Rockford, IL, USA) that utilized a modified BCA approach (Smith et al.
1985). Samples with equal protein concentration were made using homogenized tissue,
commercially available sample buffer (Invitrogen Corp., Carlsbad, CA), reducing agent
(50 mM DTT final concentration), and ultrapure water. Twenty micrograms of total
protein from each lizard was loaded into a 4-12% gradient pre-cast gel (Invitrogen Corp.)
and separated using poly-acrylamide gel electrophoresis (150 V, 90 min, MOPS buffer).
Quantification of Hsp70 abundance was achieved by loading two wells of each gel with
between 10 and 80 ng pure human Hsp70 (NSP-555; Assay Designs, Ann Arbor MI) as
positive controls. To standardize quantification of positive controls across gels, each
control volume was loaded on multiple gels. After separation, bands were transferred to
a 0.45 µm PVDF membrane using a constant current (0.4 amperes) for 60 minutes
according to previously published methods (Towbin et al. 1979, McMillan et al. 2005).
Blots were then probed for Hsp70 using an Hsp70 specific antibody (MA3-006, Affinity
BioReagents, Golden CO) and a peroxidase conjugated anti-rat secondary antibody.
Bands were visualized using chemi-luminescence and quantified using Quantity One®
software (Bio-Rad).
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Statistical Analysis:
All tests were conducted using JMP statistical software (version 7.0.2, SAS
Institute, Cary, NC). To detect differences in sprint speed among sites over time I used
two separate repeated-measures ANCOVA on each of the control and experimental
temperature groups. For both tests I used site as a between-subjects factor, SVL as a
covariate, and time (0, 4, 5 hours) as a within-subjects factor.
To test for site differences in total Hsp70 abundance, I performed an ANCOVA
on Hsp70 expression with site as the factor and SVL as a covariate. I also tested site
differences in abundance of Hsp70 for non-stressed individuals using a similar design.
Finally, to examine the relationship between Hsp70 abundance and sprint speed, I
performed an ANCOVA on site differences in sprint speed at the end of sprint trials, as
well as the difference in sprint speed from the beginning of the experiment until the end
(T1-T3). For this model, I used site as a factor and then included Hsp70 expression and
SVL as covariates.

Results
Sprint Trials:
Sprint speed in S. occidentalis was highly variable across all sites independent of
experimental treatment. Individuals from the Joshua Tree site, one of the warm weather
sites, had the fastest sprint speeds (1.70 m/s), independent of time or treatment
temperature. Lizards from Keough Hot Springs were second fastest (1.28 m/s), followed
by Table Mountain (1.17 m/s), and finally lizards from Bishop Creek (1.02 m/s), which
were slowest) (F3,75 = 5.983, p<0.001, not shown). Tukey’s pairwise comparisons also

69

revealed that sprint speeds at Joshua Tree were significantly faster than Bishop Creek and
Table Mountain and that sprint speeds at Keough Hot Springs are intermediate to the
other three sites.
A similar pattern was observed for individuals assigned to the experimental heat
stress treatment (40°, N = 15 per site). Joshua Tree lizards had the fastest sprint speeds
and lizards from Table Mountain, one of the cool sites, were slowest (F3,55 = 3.370, p =
0.025, Figure 12). Lizards assigned to the control temperature treatment (22°C, n = 5 per
site) did not differ in sprint speed across sites at any point before or after heat stress (time
X site: F6,28 = .2230, p = 0.9660, Figure 12). As a result, control treatment lizards from
all sites were pooled at each time point for subsequent analysis.
Sprint speed in S. occidentalis was significantly reduced after exposure to the heat
stress treatment with the exception of individuals from Joshua Tree which were
consistently the fastest group and exhibited the least amount of variation in sprint speed
from the beginning of the time trial until the end of the recovery period. However, all
other sites suffered significant reductions in sprint speeds as a result of the heat treatment
(Figure 12, Table 7). Table Mountain and Keough Hot Springs lizards exhibited similar
patterns of reduction: sprint speeds decreased slightly during sprinting trials and then
showed a greater decline in sprint speed measured after the 1 hour recovery period.
Bishop Creek was unique in that there was a rapid decrease in sprint speed during the
stress treatment, however, there was only a slight additional decrease in sprint speed from
the end of the stress treatment to the end of the recovery period (Time X Site: F6,102 =
3.72, p = 0.0021, Figure 12).
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Final sprint speeds also differed among the sites. Absolute sprint speed for S.
occidentalis at the end of recovery period were fastest at Joshua Tree, intermediate at
Keough Hot springs and Table Mountain, and lowest at Bishop Creek (Figure 13A, Table
8). In addition, the amount of reduction in sprint speed from initial measurement to
sprint speeds measured after recovery also differed between sites (Figure 13B, Table 8B).
Lizards from Bishop Creek had the greatest reduction in sprint speed from the beginning
of the experiment to the end, followed by Keough Hot springs, Table Mountain, and
Joshua Tree (Figure 13b, Table 8).

Hsp70 abundance:
There were no statistical differences observed in total Hsp70 abundance levels
across sites in S. occidentalis for lizards that were heat stressed at 40°C for 4 hours
(Figure 14, Table 9). In addition, there were no differences in Hsp70 abundance across
sites for the lizards in the control temperature treatment (Figure 14, Table 9). Although
there were no statistical differences among sites in Hsp70 abundance, for all lizards,
sprint speed at the end of the recovery period was negatively correlated with Hsp70
abundance (Figure 15A, Table 8, p = 0.0149), such that lizards with higher Hsp70
abundance were poorer sprinters. Furthermore, the magnitude of the reduction in sprint
speed was positively correlated with increased Hsp abundance, such that individuals with
higher Hsp70 abundances suffered a greater reduction in sprint speed from the beginning
of heat trial to the end (Figure 15B, Table 8, p = 0.0226).
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Discussion
In this study, I found that lizards from all four populations differed in sprint speed
independent of exposure to heat stress and that heat stress had very little effect on Joshua
Tree lizards. These results suggest that Joshua Tree lizards are the most physiologically
resistant to heat-induced stress. Conversely, lizards from Bishop Creek appeared to be
the most susceptible because they had the largest reduction in sprint speed after heat
stress. These findings suggest that animals chronically exposed to higher temperatures,
like those experienced by the low-latitude populations such as in Joshua Tree and
Keough Hot springs, are better adapted to higher temperatures and may be better able to
withstand increases in environmental temperature at their site.

Geographic differences in sprint speed:
Exposure to heat stress also led to variation in sprint speeds among the sites.
Joshua Tree lizards were only marginally faster than lizards from other sites at the
beginning of the experiment, but by the end of the trials, the difference among sites was
much more pronounced, indicating sprint speeds at the Joshua Tree site were the most
resilient to the experimental thermal stress. The other three sites did not statistically vary
in sprint speed at the beginning or the end of the sprinting trials, but did vary at the end of
the stress treatment before the recovery period. Bishop Creek lizards seemed to be the
most susceptible to heat stress because the decrease in sprint speed during sprinting trials
was greatest at Bishop Creek.
In addition to being the fastest lizards at each time point, lizards from Joshua Tree
also had the least reduction in sprint speed as a result of heat stress. Bishop Creek

72

suffered the greatest reduction in sprint speed while Keough Hot Springs and Table
Mountain were intermediate, with lizards from Keough Hot Springs having a slightly
higher, yet non-significant, reduction in sprint speed from the heat stress than at Table
Mountain. Given that environmental temperature is higher at both Keough Hot Springs
and Joshua Tree than it is at Bishop Creek or Table Mountain, it is surprising that sprint
speed at Keough Hot Springs was more susceptible to heat than sprint speed at Table
Mountain. This suggests that sprint speeds in this species are not determined solely by
adaptation to local environmental temperatures, but a combination of adaptive and
environmental factors.
Hsp70 abundance after exposure to heat stress also varied across these sites.
Although these differences were not significant, lizards from the southern sites tended to
be more resistant to heat stress, as observed from their lower abundance of Hsp70, while
both northern sites had higher abundance levels. Control lizards exhibited a different
trend in that northern sites had lower expressed levels of Hsp70 than southern sites. One
caveat is that total Hsp70 abundance levels measured in this study represent the sum of
both constitutive and inducible abundance levels. Constitutive Hsp70 levels are present
in the cell at all times and help to fold proteins as they are synthesized, while inducible
Hsp70 levels are expressed only in response to periods of thermal stress (Lindquist and
Craig 1988, Sorensen et al. 2003).
We were unable to directly measure induced levels of Hsp70 due to the lack of
availability of a lizard specific antibody. However, given that control lizards were not
exposed to heat stress at any point during the experiment, it is reasonable to assume that
Hsp70 abundance in the control individuals is representative of constitutive Hsp70
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abundance levels at each site. Thus, the difference between total Hsp70 abundance levels
and constitutive Hsp70 abundance levels should approximate induced Hsp70 expression
levels at each site. From this, it is clear there was a clear latitudinal difference in
inducible heat shock protein because although the southern sites had a higher abundance
of constitutive Hsp70, the amount induced in response to heat stress was relatively little.
Conversely, induced abundance at the northern site was much higher.
Previous studies in other ectotherms have found that Hsp70 expression is a plastic
physiological reaction that can be adjusted in response to environmental temperature
(Krebs and Feder 1997b, Feder 1999, Feder and Hofmann 1999, Tomanek and Somero
1999). Results from this study are consistent with previous results in that Hsp70 seems to
be a plastic response. Although total Hsp70 expression did not vary among our sites, the
relative proportion due to induced and constitutive levels did vary with population. This
is consistent with the idea that temperature adaptation has occurred between the northern
and southern sites because, while the warmer temperatures at the southern sites
necessitate a higher sustained (constitutive) levels of Hsp70, these populations are better
able to withstand periods of thermal stress. Across all sites, total abundance levels are
conserved, which is consistent with previous work that suggest that overall thermal
physiology should be conserved across populations to maintain organism function
(Bennett 1990, Ji et al. 1996, Johnston and Bennett 1996, Angilletta 2001, Angilletta et
al. 2002a).
I also found a negative correlation between Hsp70 abundance and sprint speed
after heat stress and a positive correlation between a reduction in sprint speed and Hsp70
levels. This finding is consistent with the hypothesis that Hsp70 abundance is an
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important indicator of physiological stress in S. occidentalis and that there is a trade-off
between Hsp70 expression and maximum sprint speed. However, given that differences
in air temperature at these sites was greatest between altitudes (Chapter 1), and that that
difference in hsp70 abundance and sprint speed was greatest between latitudes in this
study, the results of this study contradict the hypothesis of temperature adaptation in this
species.
One possible explanation for these results is that underlying genetic differences
among these populations can explain the difference between sprint speed and
environmental temperature. Although I did not measure gene flow across our sites in the
current study, previous work has shown that there is a much higher level of gene flow
between the two southern populations than there is between the southern populations and
the northern desert site (S. Adolph, personal communication). This finding can be
extended to conclude that there may be gene flow between the two northern sites. As a
result, it is possible that temperature adaptation has occurred for S. occidentalis at the
thermally extreme sites, Bishop Creek and Joshua Tree. However, at the corresponding
intermediate sites, Keough Hot Springs and Table Mountain, the relationship between
temperature and sprint speed may be partially determined by adaptive differences
between the populations as well as recent thermal history (hot temperatures at Keough
Hot Springs and cool temperatures at Table Mountain). However, additional work is
needed to determine the relative importance of these two factors in determining sprint
speed in S. occidentalis.
Sceloporus occidentalis has been shown to be extremely effective at regulating its
body temperature in nature by utilizing the microhabitat structure of the environment
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(Adolph 1990, Asbury and Adolph 2007). Given this, it is surprising that populations of
S. occidentalis vary in sprint speeds after heat stress and in Hsp70 expression. Since they
are able to accurately regulate their body temperature, one would expect that this would
remove or at least reduce the selection pressure to withstand increased temperature in this
species. However, slight variations in microhabitat can create a mosaic of environmental
temperatures in habitats with very little structure (Helmuth et al. 2006). Structurally
complex habitats, such as those where S. occidentalis is found, may include areas where
individuals become stressed if they are unable to leave, or other areas where an individual
never becomes stressed. If an individual is unable to escape an unsuitable thermal
habitat, this can lead to thermal stress that may result in lower sprinting speeds which
may make them more prone to predation, and have lower fitness relative to unstressed
individuals (Irschick et al. 2000, Irschick et al. 2008).

Conclusion:
In conclusion, I found that my hypothesis of temperature adaptation was
supported by these populations of S. occidentalis because overall lizards from warmer
sites were more resilient to higher temperatures and had higher sprint speeds and lower
Hsp70 induced in response to heat stress. However, suspected gene flow within latitudes
makes it difficult to predict patterns solely based on environmental temperature. Also,
individuals with higher Hsp70 abundances exhibited lower sprint speeds, supporting the
hypothesis that Hsp70 serves as protections for a protein or a group of proteins critical to
locomotion. As a result, individuals that express more Hsp70 may have lower
survivorship due to increased predation on slower individuals. Additional studies are
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needed to better quantify the effects of stressful temperatures on locomotion
performance, so that we can better predict the future distribution of this species in
response to a changing climate.
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Tables

Table 7: Effects of site and time on mean maximum sprint speed for Sceloporus
occidentalis before and after exposure to experimental heat stress. Repeated measures
Analysis of covariance (ANCOVA) was used with site as a fixed factor and snout-vent
length (SVL) as covariate. Time since the beginning of the experiment (0, 4, 5 hours) is
included as the repeated measure.
Source

df

F

p

Between-subjects factors
*

Site

3

7.652

0.0002

SVL

1

0.786

0.3791

Error

55
0.2458

Within-subject factors
Time

2

1.441

Time x Site

6

3.720

Time x SVL

2

0.796

Error

108

*

significant
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0.0021

*

0.4562

Table 8: Effects of collection site and Hsp70 abundance on sprint speeds in Sceloporus
occidentalis from four different sites in California. Sprint speeds used in this analysis
were measured at A) T3 (end of experimental trials) and B) the difference in sprint speed
from the beginning of the trial to the end of the trial (T1-T3). I performed an ANCOVA
with collection site as a fixed effect and Hsp70 abundance and SVL as covariates. The
interaction between site and Hsp70 was included to test for differing relationships across
sites.
A) Sprint Speed at T3
Source

df

SS

F

p

Site

3

4.156

6.316

0.0010

*

Hsp70

1

1.393

6.352

0.0149

*

Site*Hsp70

3

0.620

0.941

0.4274

SVL

1

0.224

1.021

0.3169

Error

51

11.187

*

significant

B) Reduction in Sprint Speed (T1-T3)
Source
df
SS
F
Site
3
2.135 7.087
Hsp70
Site*Hsp70
SVL
Error
*

1
3
1
51

0.556
0.361
0.186
5.122

5.532
1.198
1.856

p
0.0005

*

0.0226 *
0.3198
0.1798

significant
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Table 9: Effects of collection site on abundance of total and constitutive levels of Hsp70
in S. occidentalis after experimental heat stress. Total Hsp70 abundance was measured in
lizards exposed to experimental heat stress (4 hours @ 40°C) and constitutive Hsp70
abundance was measured for lizards in the control treatment (4 hours @ 22°C). I
performed an ANCOVA with site as a fixed factor and SVL as a covariate.
Total Hsp70 expression

Constitutive Hsp70 Expression

Source df

SS

Site

3

5.73E-03 1.276

0.2913 Site

3

4.41E-03 1.222

0.3085

SVL

1

1.08E-03 0.725

0.3981 SVL

1

1.55E-03 1.79

0.2601

Error

56

0.084

67

0.0805

*

F

p

Source df

Error

significant
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SS

F

p

Figures

2.4
2.2

Sprint Speed (m/s)

2.0
1.8
1.6
1.4
1.2
1.0
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Keough Hot Springs
Table Mountain
Joshua
Control

0.8
0.6
0.4
0

1

2

3

4

5

Time (hours)
Figure 12. Sprint speeds for S. occidentalis from four sites before and after exposure to
experimental heat stress (40°C) or control temperature (20°C) for four hours. Sprint
speeds were measured at three time intervals for each lizard; 0 hours (before heat stress,
T1), 4 hours (immediately after heat stress, T2), and 5 hours (after heat stress and 1 hour
recovery period, T3). Data are means (±SE) for each site (N = 14 – 16 per site). Control
treatment values represents data pooled across sites (N = 5 per site, 20 total). See Table 7
and text for statistical analysis.
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Sprint Speed at T3 (m/s)

2.0
1.8

B

A

1.6
1.4

A,B

1.2

A

1.0

A

0.8
0.6
0.4
0.2
0.0

Sprint speed reduction (m/s)

1.2
1.0

B

A

0.8

B

0.6

B,C

0.4

C

0.2
0.0

BC

KHS

TM

JT

Site

Figure 13. Mean maximum sprint speeds after experimental treatment and recovery
period in S. occidentalis from four different sites. Data are means (±SE) for BC, KHS,
TM, and JT (N = 14-16 for each site). Letters denote statistical differences among
pairwise site comparisons. A) Sprint speed at each site after 4 hour heat stress at 40°C
and 1 hour recovery at 20°C (T3). B) Reduction in sprint speed between T1 (before heat
stress) and T3 (after heat stress and recovery) at each site. See Table 8 and text for
statistical analysis.

82

Hsp70 abundance (ug)

0.14
Total Hsp70
Constitutive Hsp70

0.12
0.10
0.08
0.06
0.04
0.02
0.00

BC

KHS

TM

JT

Figure 14. Abundance levels of Hsp70 in S. occidentalis from four sites in California.
Data are means (±SE) for lizards from BC, KH, TM, and JT (N=14-16 each site). Black
bars represent total Hsp70 abundance levels after 4 hour heat stress at 40°C and one hour
recovery period. Shaded bars represent constitutive Hsp70 abundance in control
individuals (20°C for four hours). See Table 9 and text for statistical analysis.
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Sprint Speed at T3 (5 hours) (m/s)

3.0

A

Bishop Creek
Keough Hot Springs
Table Mountain
Joshua Tree

2.5
2.0
1.5
1.0
0.5
0.0
0.05
1.6

Sprint speed loss (m/s)

1.4

0.10

0.15

0.20

0.10

0.15

0.20

B

1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
0.05

Total Hsp70 abundance (ug)

Figure 15. Correlation between total Hsp70 abundance and A) sprint speed at T3 and B)
the amount of reduction in sprint speed between T1 and T3. Data points represent
individual lizards from Bishop Creek (filled circles), Keough Hot Springs (open circles),
Table Mountain (filled triangles), and Joshua Tree (open, triangles). Sprint speed at T3
decreases with increased Hsp70 abundance and the difference between sprint speed at T1
and T3 increases with Hsp70 abundance. See Table 8 and text for statistical analysis.
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CHAPTER IV
CONCLUDING REMARKS

My dissertation examined three different aspects of temperature adaptation in the
western fence lizard, Sceloporus occidentalis. Chapter 1 examined variation in
environmental and lizard temperature at different latitudes and altitudes. Chapter 2
addressed geographic, seasonal and historical differences in thermal tolerance and
thermal breadth of S. occidentalis and the role of Hsp70 in thermal tolerance of this
species. Finally, Chapter 3 examined geographic variation in maximum sprint speed and
abundance of Hsp70 for S. occidentalis in order to assess whether or not Hsp70
abundance is a reliable indicator of whole-organism stress after exposure to a heat shock.
Together these studies illustrate variation in the relationship between environmental
temperature and organism function, from physiology, to whole organism performance, to
behavior. Here I summarize and integrate these studies into a common framework
relating these different measures of temperature physiology to the ability of S.
occidentalis to withstand further changes in environmental conditions.
In chapter 1, I began by making the case that given the importance of
temperatures in ectotherm processes, individuals living in different thermal environments
should become locally adapted to the temperature of their environment (Dahlhoff and
Somero 1993, Hochachka and Somero 2002). I did this by first establishing that my
study sites did indeed differ in mean annual temperatures and mean temperature during
the active period for the lizards. This finding corroborates previous work that found that
low-elevation populations of S. occidentalis utilized higher perches to escape the hotter
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ambient temperatures closer to the ground (Adolph 1990, Buckley 2008). Despite
finding thermal differences at these sites, there was no evidence for temperature
adaptation in this species as both field and preferred body temperature did not vary
among sites. One possible explanation is that thermal specialization is actually not
favored for this species which can occupy many different niches in its environment and
may survive equally well as a thermal generalist. Similar reasoning has been used to
explain a lack of specialization in morphology – performance relationships (Alfaro et al.
2005, Young et al. 2007) but may apply to physiological specialization as well. An
additional possibly is that S. occidentalis at these sites are extremely effective at utilizing
microhabitat to regulate their body temperature which may effectively negates thermal
difference across sites (Asbury and Adolph 2007). Although body temperatures did not
vary with thermal environment, providing evidence local adaptation among these
populations, this does not rule out geographic variation in the response of individual
physiological mechanisms to temperature, which I explored in subsequent chapters.
In the second chapter I examined the effects of an acute thermal stress in
S. occidentalis in an attempt to understand how individual populations are able to tolerate
extreme temperatures. I presented evidence that heat tolerance was highest among the
hotter, low elevation sites and lower at the cooler, high elevation sites while cold
tolerance was highest at northern sites independent of elevation. In addition, I also
presented evidence that there is a tradeoff in heat versus cold tolerance and the range of
temperatures over which an individual lizard is able to function varied with site and
season. Furthermore, I found no protective effect of Hsp70 abundance on thermal
tolerance as I had hypothesized which is contradictory to previous research in
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invertebrates (Neargarder et al. 2003, Tomanek and Sanford 2003). My working
hypothesis is that lizards are able behaviorally regulate body temperatures more
effectively than invertebrates, which effectively decouples pressure for selection on
Hsp70 and thermal tolerance due to the energetic cost of Hsp70 expression and the delay
in expression after the onset of a thermal stress (Sorensen et al. 2009). Finally, I found
no evidence of a long term relationship between thermal tolerance and air temperature
which is likely due to a strong influence of recent thermal history in determining thermal
tolerance (Fry 1947, Sinclair et al. 2006).
In chapter 3, I studied how expression of Hsp70 is related to whole organism
performance after heat stress. I presented data showing that in the absence of heat stress,
lizards from all sites had similar sprinting performance. However, after heat stress,
lizards from warmer sites sprinted faster than lizards from cooler sites and lizards with
higher levels of Hsp70 also had lower sprint speeds and were more susceptible to heat
stress. The temperature – performance relationship has been well studied in lizards
(Vanhooydonck et al. 2001, Angilletta et al. 2002a, Du et al. 2007) but this relationship is
rarely studied in multiple populations of the same species [but see Buckely (2008)]. My
study is unique in that it examined the effects of geographic variation in sprinting
performance of a single species after exposure to a potentially stressful temperature.
Furthermore, northern populations had higher levels of induced Hsp70 suggesting that
these populations are under greater thermal stress, supporting the hypothesis of local
adaptation in this species (Dahlhoff and Rank 2000, Tomanek and Somero 2000, Rank et
al. 2007).
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My results, taken as a whole, suggest that although there appear to be adaptive
differences among these populations (which could not be verified for northern latitude
sites) there is a large component of performance and thermal physiology in this species
that is determined by recent thermal history. Most likely, selection pressure is greatest at
the thermally extreme sites (Bishop Creek and Joshua Tree) and gene flow within
latitudes creates a buffering effect for the two intermediate sites. This means that during
milder seasons, such as the spring and fall, sites with more genetic similarity will exhibit
similar patterns in thermal physiology and performance. However, during the seasons
with more extreme temperatures, summer and winter, local environmental temperature
will play a greater role in determining the thermal physiology and performance
capabilities of S. occidentalis. In order to test this hypothesis further it would be ideal to
examine changes in heat and cold tolerance at other point during the year, especially at
the beginning and the end of the winter season. However, currently this is not possible at
all of these sites because of the absence of lizards during winter months.
Understanding the effects of environmental temperature and its ability to limit
species distributions are necessary in order to be able to predict future changes in
distributions that occur as a result of climate change (Clarke 1996, Chamaille-Jammes et
al. 2006, Deutsch et al. 2008). The responses of individual species will vary as some
species migrate to new habitats while others will adapt to climatic changes (Hoffmann
and Blows 1993, Bradshaw and Holzapfel 2006, Parmesan 2006). Ecotherms,
specifically those that are able to behaviorally thermoregulate, are one group of
organisms that are predicted to be buffered against climatic changes (Kearney et al.
2009). However, in order to verify this prediction it is important to understand the effects
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of environmental temperature on individual species, especially the effects of extreme
temperatures. My dissertation addressed this idea using S. occidentalis because of the
range of thermal environments that different populations of this species occupy.
This dissertation is one of the first studies to examine the relationship between
geography, thermal tolerance, stress protein expression and sprinting performance all
within a single vertebrate species and found that the relative importance of adaptive and
plastic factors can vary with season and geography. Further research into developing a
greater understanding of this relationship in Sceloporus occidentalis and understanding
whether similar patterns exist in other species can be beneficial better predicting the
effects of climate change in natural populations.
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